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Collisions for a Longer Lifetime 


Cold-atoms confined to low dimensions can give rise to surprising effects such as 
bosons behaving as:fermions and repelling each other: Elastic collisions were thought 
to bea necessary condition for such ‘an effect, and much effort has been directed 
towards ‘achieving elastic-collision regimes. In contrast, inetastic collisions have 
tended to be avoided. However; Syassen et af. (p: 1329; see the Perspective by Porto) 
now show that inelastic collisions between particles can also give rise to correlation 
effects. Starting with a condensate of molecules confined to a one-dimensional tube, 
they adda weak periodic potential along the axis and show that the lifetime of the mol- 
ecules in the tube is extended by over an order of magnitude, The results should prove 
useful for exploring more of the parameter space in which inelastic collisions dominate 
that were once regimes to be avoided, 


that the aftershocks of these tremors are also dif- 


Mountain High 


The Andes represent one of the longest, highest 
mountain ranges on Earth. Their topography 
affects the climate of much of South America, 
and their uplift history thus impacts the ecologi- 
cal development of the continent. Garzione et 
al. (p. 1304) review recent evidence for their 
history of uplift. Before about 10 million years 
ago, the Andes were of moderate elevation. 
Between 10 and 6 million years ago, the eleva- 
tion of the Andes increased abruptly, perhaps 
because dense material at the base of the crust 
detached and subsided into the mantle. 


Earthquake Running at the 
Speed of Sound 


Some particularly destructive earthquakes, which 
produce sound waves, seem to rupture at faster 
than the local speed of sound through the crust. 
Bouchon and Karabulut (p. 1323) now show 
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ferent. Instead of clustering on the fault plane, 
as is common, they cluster on secondary struc- 
tures, The lack of aftershocks on the fault plane 
shows that friction along the fault plane itself 

is relatively uniform. 


Foresight Among 
E. coli 


Many natural signals progress in a read- 

ily predictable sequence. For instance, ‘ 
after being eaten, a bacterium will perceive 

a sudden temperature rise followed by a drop 

in oxygen levels. Tagkopoulos et al. (p. 1313, 
published online 8 May; see the Perspective by 
Baliga) investigated E. coli’s predictive powers 
in a combination of in silico and chemostat 
experiments. On exposure to a large temperature 
change, E. coli can shift from aerobiosis to 
anaerobiosis even in the presence of 18% oxy- 
gen. This might seem maladaptive, but it means 
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that the organism will have a competitive edge 
as soon as it encounters the zoo of microorgan- 
isms in the oxygen-starved lower gut. Further- 
more, the authors were able to “train” the 
organisms to adapt metabolically to “unnatural” 
sequences of events, e.g., elevated temperature 
followed by high oxygen. 


Exploring Alternatives 
in Catalysis 


Many industrial catalytic systems are based on 
precious metals, and the search is on for substi- 
tute catalysts based on less expensive and more 
abundant metals and alloys. Studt et al. (p. 
1320) have examined one reaction, the selec- 
tive hydrogenation of acetylene, and show how 
insights from density functional theory (DFT) 
could be used to identify a candidate alloy. 
Acetylene, a trace contaminant of the commod- 
ity chemical ethylene, is hydrogenated to ethyl- 
ene by palladium catalysts that do not convert 
the ethylene to ethane. By examining trends in 
the heats of adsorption of hydrocarbons on 
metals and alloys, the authors identified zinc- 
nickel alloys as possible alternatives and 
demonstrate their selective hydrogenation 
activity in experimental studies of these alloys 
dispersed on oxide supports. 


Eccentric Pulsar 
Performance 


Binary pulsars are rapidly spinning neutron stars 
that emit a beam of radio waves that co-rotate 
with a companion star. Two 
main types have been 
seen, one spinning 
more slowly with an 
eccentric orbit 
around the com- 
panion star, the 
* * other spinning 
& rapidly with a cir- 
% . cular orbit. Cham- 
a pion et al. (p. 1309, 
published online 15 
May; see the Perspective by 
van den Heuvel) have now discovered a rapidly 
spinning pulsar with a highly eccentric orbit that 
does not fit into these classes and thus chal- 
lenges models for formation of pulsars. Possible 
alternative models for the formation of this pul- 
sar include a triple stellar system. 
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Observing Cataclysmic Variables 


A variety of astrophysical objects such as binary stars involve one star accreting matter from another. In 
many cases, the collected matter heats up and is ejected in the form of a powerful jet. But some accreting 
objects, in particular so-called cataclysmic variables, seem to show no jet activity. Kording et al. (p. 1318) 
have gathered radio observations on the prototypical dwarf nova, SS Cyg, that show all the earmarks of an 
astrophysical jet. The American Association of Variable Star Observers sent out an alert that triggered data 
collection from the Very Large Array radio telescope. The results suggest that jet activity and the underlying 
mechanisms are similar in all accreting objects. 


Entangling Diamond 


Entanglement is a key ingredient in quantum information processing and quantum computation. 
While entanglement has been demonstrated for photons, cold atoms systems, and quantum dots at 
Cryogenic temperatures, there are efforts to look to other systems that can extend entanglement to 
room temperature in solid state systems. By demonstrating the ability to generate and detect 2-qubit 
and 3-qubit entangled states with the optically active nitrogen vacancies in diamond, Neumann et 
al. (p. 1326) show that diamond can meet these requirements. 


Poring over the Nuclear Pore 


Light microscopy is a powerful tool in cell biology, and the view is improving with “super-resolution” tech- 
niques that have broken the 200- to 300-nm resolution barrier. Now Schermelleh et al. (p. 1332) describe 
the application of three-dimensional structured illumination microscopy (3D-SIM), an imaging technique 
that can produce multicolor images of whole cells with enhanced resolution in both the lateral and axial 
directions. They used the technique to simultaneously map nuclear pores, nuclear lamins, and chromatin at a 
resolution of about 100 nm and observed several features not detected by conventional microscopy. 


Flexible Organ Building Blocks 


Building an animal with distinct organs requires the coordination of cell 
identity and cell behavior during embryogenesis. Christiaen et al. (p. 
1349) have tracked expression of genes controlling migration of the heart 
precursor cells in the sea squirt, Ciona intestinalis. In order to move for- 
ward, migrating cells must be polarized, extend protrusions, adhere to the 
substrate, and then detach. Heart regulatory factors control these events 
by regulating only subsets of genes to specify the combination of cellular 
activities required for migration. These properties of the regulation and behavior interface may 
account for the morphogenetic diversity observed in development and evolution. 


Dissecting X Inactivation 


The silencing of one of the two X chromosomes in mammalian females is regulated by the noncoding 
RNAs Xist and Tsix. These RNAs overlap for at least part of their length, leading to the speculation that 
RNA interference (RNAi), a pervasive gene silencing mechanism that targets double-stranded RNA, might 
be involved in X inactivation. Ogawa et al. (p. 1336) show in mouse cells that Xist and Tsix do indeed 
form an RNA duplex that can be targeted by Dicer, the RNA endonuclease at the heart of the RNA interfer- 
ence machinery, and give rise to small RNA species. Knocking down Dicer prevents Xist from coating the 
inactive X chromosome, which would generate heterochromatic marks. Thus X inactivation and RNA inter- 
ference are mechanistically linked. 


From Impulsive to Compulsive 


Individual differences in impulsivity and sensation-seeking are related to vulnerability to drug use 
and abuse. Compulsive cocaine use has been thought to result from a failure in top-down executive 
control over maladaptive habit learning. However, whether the enhanced impulsivity observed in 
drug addicts predates the onset of compulsive drug use or is a consequence of protracted exposure to 
drugs is not clear. Belin et al. (p. 1352) now show in rats that an impulsive behavioral trait that is 
associated with reduced dopamine receptors in the nucleus accumbens predicts the switch to compul- 
sive cocaine use and addiction. 
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Broadband Internet for Africa 


IMAGINE A MAJOR RESEARCH UNIVERSITY WITH TENS OF THOUSANDS OF STUDENTS TRYING 
to access the Internet through a single U.S. household connection. That is the present situation in 
most African universities. Students there theoretically have access to Science through several jour- 
nal archives for the developing world. In practice, most could never download it. 

Sub-Saharan Africa is the most digitally isolated region in the world, with a bandwidth per 
capita that is only 1% of the world average and 0.2% of that in the United States. Not surpris- 
ingly, sub-Saharan Africa also has among the highest connectivity costs in the world. Its univer- 
sities pay some 50 times more for bandwidth than do similar institutions in the United States, 
and connectivity cost per gross domestic product is almost 2000 times higher than in the United 
States. The resulting isolation of Africa’s students from the remainder of the world is a serious 
impediment to both education and economic development. 

The challenges the continent faces—meeting human needs, participating in the global econ- 
omy, managing the environment, and improving governance, all outlined in the 2007 report 
Freedom to Innovate, commissioned by African presidents—require engi- 
neers, doctors, scientists, and businesspeople, all products of A frica’s 
universities. For years, strategies to address these challenges centered on 
providing direct assistance for combating disease and poverty and for pro- 
viding food and water. But living conditions in Africa cannot be improved 
without sustained long-term economic growth. That goal in turn requires 
connecting Africa to the rest of the world. The 3 million college students 
in sub-Saharan Africa need the same resources and access to knowledge 
as students anywhere. Next month, when the G8 summit opens in Japan, 
this aspect of African development should be a priority. 

Africa’s isolation is the result of both lack of infrastructure and lack 
of competition in telecommunications. West Africa is connected to the 
rest of the world through a single fiber-optic cable (SAT-3/WASC), 
which runs along the coast. The country of Senegal, home of one of 
Africa’s foremost universities, has a total available fiber bandwidth of 1.2 gigabits per second, 
one-tenth that of Harvard University or the University of Chicago, and that capacity is further 
shared with four neighboring countries. East Africa is completely unconnected other than by 
expensive satellite links. Costs are further driven up by national telecommunications companies 
with monopoly (or at best duopoly) licenses on the sale of bandwidth, who are often content 
with “high-cost, low-volume” business strategies. 

In recent years, African governments are realizing that connectivity is important for eco- 
nomic development, Internet use by African consumers is growing explosively, and industry is 
recognizing potential markets. The result is a boom in the construction of national fiber net- 
works and proposals for new international submarine cables for East and South Africa. Nascent 
movements against anticompetitive practices have also helped bring down prices, But ineffi- 
cient regulatory environments, lack of coherent regional infrastructure policies, and political 
interference have slowed progress. Efforts to bring affordable connectivity to Africa in general, 
and to its universities in particular, should be supported by the international policy community. 

First, low-cost university access should be secured by making subsidized rates for universi- 
ties a condition of any license granted to new cable operators. Although West Africa may be lim- 
ited by the bottleneck of SAT-3/WASC, a new glut of capacity in East Africa, if it truly materi- 
alizes, would allow allotting bandwidth to support university education. The Association of 
African Universities called for this initiative in 2007. 

Second, helping to underwrite the costs of infrastructure should be a central goal of interna- 
tional development cooperation. International support should also come with requirements for 
open access; that is, bandwidth must be sold ata fair price to all buyers rather than only to con- 
sortium members with national monopolies. Next month’s G8 summit should commit itself to 
making this a reality.” 

— Calestous Juma and Elisabeth Moyer 
10.1126/science.1161105 


*This editorial is based on remarks by C. Juma at the G8 Dialogue organized by the United Nations University in Tokyo, 
Japan, on 23 May 2008. 
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PSYCHOLOGY 
Social Preferences 


The quotidian activity of playing cards 
(or kibitzing) can just as well be 
regarded as a self-sustaining institution 
within which individuals behave accord- 
ing to a shared set of incentives. As such, 
their behaviors become susceptible to 
game theoretic analysis, where strate- 
gies are formulated on the basis of esti- 
mated payouts, even those as intangible 
as a reputation for selfishness. 
Yamagishi et al. have adopted this 
framework in analyzing the motivations 
for choices made by Japanese and 
Americans in a simple task. When 
offered a single colored pen from a 
group of five pens as a token payment 
for filling out a survey, Hokkaido students were less likely than 
Wolverines (Michigan students) to take a particular pen if it 
were the only one of that color available—that is, they would 
avoid reducing the scope of choice for subsequent people and 
thus, by incurring the cost of passing up the uniquely colored 
pen, not run the risk of making a negative impression on oth- 
ers. In contrast, a cultural psychological assessment would 
explain this outcome as revealing the preference (higher valu- 


ation) that East Asians place on conformity as opposed to the 
affinity of Westerners for individualism. When the choice task 
was expanded to include situations where the student was told 
explicitly that he was the first or the last of the five students to 
receive pens, the East-West difference disappeared; both 
Japanese and Americans were less likely to take the uniquely 
colored if they were the first and more likely (equally so) if they 
were the last to choose. — GJC 


APPLIED PHYSICS 
Filling the THz Gap 


At frequencies below a few hundred GHz, electrons 
are the information carriers of choice. For frequen- 
cies above a few THz, including infrared, the visi- 
ble, and ultraviolet 
wavelengths, optical 
technologies prevail. 
The frequency range 
in between is 
referred to as the 
THz gap. Natural 
materials do not 
show much response 
in this gap range, even though there are many 
expected applications in the areas of biosensing, 
imaging, communication, and security. To help fill 
this gap, Tao et al. present a metamateriat—an 
artificial structure in which the electromagnetic 
response can be engineered by design—which has 
a strong response in the THz regime. By engineer- 
ing a bilayer structure comprising a composite of 
metallic split-ring resonators, wires, and a poly- 
imide spacer, they show that the electric permittiv- 


ity and magnetic susceptibility response can be 
tuned separately. Such designed materials illus- 
trate the potential of accessing a frequency range 
normally inaccessible to natural materials. — ISO 
Opt. Express 16, 7181 (2008). 


CHEMISTRY 
Choice of Phenyls 


The formation of carbon-carbon bonds in the syn- 
thesis of organic compounds has become relatively 
straightforward when the sites being coupled are 
respectively substituted with an electronegative 
halide and an electropositive boron or tin moiety. 
The drawback of this approach is the necessity of 
appending these reactive groups to a precursor 
skeleton that consists predominantly of C-H bonds. 
The past decade has seen substantial progress in 
direct catalytic activation of C-H bonds, in certain 
cases eliminating the need for either the halide, 
the boronate, or both. One remaining hurdle is the 
achievement of enantioselectivity across a wide 
range of substrates. Shi et al. present progress in 
this vein with a chiral palladium catalyst that selec- 
tively couples a boron-substituted alkyl group to 


Psychol. Sci. 19, 578 (2008). 


one of two phenyl rings bound to a central carbon, 
thereby desymmetrizing the compound. The car- 
bon center also bears a pyridine group to direct 
the catalyst orientation by coordination to the Pd 
center. Successive trial experiments revealed that 
the amino acid leucine N-substituted with a men- 
thyl ester proved the most effective ligand, result- 
ing in high yields and enantiomeric excesses as 
high as 95%. Preliminary studies with a different 
ligand—an amino acid substituted with a bulky 
cyclopropyl group— also induced asymmetric cou- 
pling to one of the methyl groups in isopropyl pyri- 
dine, supporting the potential of this approach for 
sp? as well as sp? C-H site activation. —]SY 
Angew. Chem. Int. Ed, 47, 
10.1002/anie.200801030 (2008). 


PHYSIOLOGY 
A Backup Source of Energy 


The quality of mammalian semen is often judged 
by sperm motility, and the impaired movement of 
sperm toward egg is a common cause of infertility. 
Prior studies have claimed that the energy (ATP) 
for spermatozoan flagellar movement originates 
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from glycolysis or from mitochondrial oxidative 
phosphorylation; however, the primary pathway for 
producing ATP may in fact differ across species. 
Hung et al. use the glycolysis inhibitor alpha- 
chlorohydrin (ACH) or oxidative phosphorylation 
inhibitor pentachlorophenol (PCP) to determine 
the source of energy in rhesus monkey sperm. ACH 
interfered with whiplash motility and sperm veloc- 
ity, and additional assays showed that glycolysis is 
the major energy source for sperm motility, hyper- 
activation, and protein tyrosine phosphorylation. 
Although flagellar mitochondrial ATP did not 
appear to be sufficient to sustain sperm motility 
and hyperactivation, ATP from glycolysis or oxida- 
tive phosphorylation did support sperm capacita- 
tion and binding to the zona pellucida. — BAP 
Biol. Reprod. 78, 10.1095/biolreprod.107.066357 
(2008). 


GEOCHEMISTRY 
Team Effort 


Reactions between water and mineral surfaces 
control nearly all of Earth's surface environment— 
they affect weathering and thus the chemistry of 
the oceans and atmosphere and soil development, 
and are critical for understanding remediation 
and waste disposal. Villa et al. provide an experi- 
ment that reveals the potential complexity of 
these reactions, suggesting that simple models of 
reactions with mineral surfaces may need to be 
reconsidered. They used ?”0 nuclear magnetic res- 
onance spectroscopy to follow the isotope 
exchange and dissociation reactions of a niobate 
cluster with seven distinct oxygen positions in 
aqueous solution. Analysis showed that all seven 


Science Signaling 
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sites participate in the isotope exchange reactions 
in ways not easily predictable from the structure. 
Depending on pH, dissociation of part of the com- 
plex in some cases occurred faster than the iso- 
tope exchange reactions at most of the sites, 
These results suggest that the extended structure 
of minerals and their surface complexity need to 
be considered in modeling and evaluating their 
reactions with water. — BH 
Angew, Chem. Int. Ed. 47, 
10.1002/anie.200801125 (2008). 


BIOTECHNOLOGY 
A Particulate Sandwich 


Using a highly sensitive procedure for the detec- 
tion of proteins, Kim et al. report an enhanced 
diagnostic test for the presence of HIV in human 
plasma. In their approach, the HIV p24 Gag pro- 
tein was trapped between magnetic microparti- 
cles, which had been functionalized with sheep 
antibodies to p24, and gold nanoparticles, which 
had been decorated with a mix of mouse antibod- 
ies directed against p24 or a DNA bar code. The 
microparticles were then removed from solution 
magnetically, and the associated DNA was quan- 
tified. The sensitivity of this method was an order 
of magnitude greater than that of standard 
enzyme-linked immunoassays; the particle-based 
analysis was performed in solution, which allowed 
for homogeneous mixing and improved binding 
kinetics. Furthermore, careful design of the pep- 
tides used to raise the mouse and sheep antibod- 
ies enabled detection of the six most prevalent 
HIV subtypes. — B} 

Nanomedicine 3, 293 (2008). 


<< Degrading Polyamines 
for Migration 
Integrins are heterodimeric transmembrane proteins 


that mediate cell adhesion and migration. The o9 subunit binds the spermidine/spermine-N*-acetyl- 


transferase SSAT, which induces the breakdown of the higher-order 
polyamines spermidine and spermine to the lower-order polyamine 
putrescine, and this interaction is required for migration mediated by 
the 091 integrin. DeHart et al. show that c9 recruitment of SSAT to 
focal adhesions affects cell migration by modulating the activity of an 
inward rectifier K* (Kir) channel. The expression of catalytically inac- 
tive SSAT inhibited migration, suggesting that polyamine metabolism 
is important for «9-dependent migration. Higher-order polyamines 
inhibit Kir channels, and inhibition or knockdown of the Kir4.2 chan- 
nel inhibited migration of the cells on o9-specific substrates but did 


Colocalization (yellow) 
of integrin and potassium 
channel. 


not impair migration on fibronectin. Although 0.9 was present in 

focal adhesion-tike structures throughout the cell surface, Kir4.2 only colocalized with a9 in focal 
adhesion-tike structures at the leading edge of the cell Thus, the authors propose that local changes 
in polyamine concentrations are mediated by SSAT that is recruited to the a9 subunit of integrins; the 
inhibition of Kir channels allows a localized K* efflux, which stimulates migration. — AMV 


Proc. Natl. Acad. Sci. U.S.A. 105, 7188 (2008). 
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Boating With 
The Phoenicians 


In 600 B.C.E., the Greek his- 
torian Herodotus wrote a cen- 
tury and a half later, the king 
of Egypt commissioned 
Phoenicians, the lords of the 
Mediterranean, to sail around 
Africa. Philip Beale, an 
adventurer and former 
London investment manager, 
wants to show how they could 
have accomplished the feat. 

On 8 August, Beale plans to embark with a 
crew of 20 from the Syrian island of Arwad in a 
Phoenician-style boat. They will head through 
the Red Sea and down the coast, rounding the 
perilous Cape of Good Hope in January and 
arriving in Alexandria, Egypt, by early summer. 
They'll be equipped with no engine or running 
water and little modern equipment other than 
that for navigation and communications. 

The 21-meter vessel (above) is modeled on 
Phoenician sailing ships based on data from 
shipwrecks and other artifacts. It's being built of 
Aleppo pine, with 10 rowing stations on each 
side. It will have a single square sail of linen, 
which means the ship can’t sail into the wind 
but does best with a following wind. Beale says 
“one of the key questions” to answer is whether 
the ship can get up Africa’s West Coast in the 
face of northeasterly winds and currents push- 
ing it out into the Atlantic. 

Four years ago, Beale, 47, led another 
ancient replay, helming the Borobudur ship, a 
replica of an 8th-century double outrigger, to 
show that traders could have sailed from 
Indonesia to the West coast of Africa. 


An Alien Hello? 


Scientists searching for radio or light signals from 
extraterrestrials may be barking up the wrong 
tree. Aliens might send almost-undetectable 


THE ANDROGYNOUS LOOK 


For a short time, visitors to London's Natural History Museum can inspect a living, 
newly hatched gynandromorph, a half-male, half-female moth. Male on the right 
and female on the left, this Antheraea frithi, a silk moth native to Thailand, 
is divided right down the middle, including its reproductive organs. 
Museum scientists said this exceedingly rare condition—which occurs 

in perhaps 1 in 50,000 moths and butterflies—results from an error 

involving the sex chromosomes in the first cell division. 


particles called neutrinos, 
argue physicists John Learned 
and Sandip Pakvasa of the 
University of Hawaii, Manoa, 
and Anthony Zee of the 
University of California, Santa 
Barbara. If so, detectors cur- 
rently under construction, 
such as the massive Ice Cube 
array at the South Pole, might 
spot those signals, they write 
in a paper posted to the arXiv 
preprint server. 

Unlike radio and light 
waves, neutrinos will pass straight through 
almost anything, and their signals couldn't be 
confused with emissions from stars because 


High Science 


VIS AIP 


EDITED BY CONSTANCE HOLDEN 


nothing naturally produces very high-energy 
neutrinos, Zee says. By tuning the neutrinos’ 
energy to 6.3 peta-electron volts, tech-savvy 
E.T.s could set up a particularly strong interac- 


tion in earthly particle detectors. All they would 


need would be particle accelerators that reach 
energies 6300 times higher than the highest 
energy achieved by a humanmade accelerator. 
Even if aliens could produce such accelera- 
tors, would they use them to send signals into 
the void in hopes of getting a reply millennia 
later? “It’s not the first thing that | would do,” 
says David Rubin, an accelerator physicist at 
Comell University. Still, Zee says, if aliens are 


sending such signals, they'll be in the data that 


Ice Cube will collect anyway, so “you might as 
well look” for them. 


Despite stormy winds and temperatures below —17°C, Italian climbers last month successfully 
installed the world’s highest automated climate station on Mount Everest. 

Three alpinists and six Sherpas set out from the Pyramid, an Italian research station 5400 meters 
high in the Khumbu Valley, carrying 50 kilos of equipment, wires, and poles. They anchored the 
station to the rock at an altitude of 8000 meters, less than 900 meters from the summit. 

With a network of ground-based monitoring stations in the Himalayas, scientists are tracking 
the movements of the so-called ABCs (atmospheric brown clouds) that waft through the moun- 


tains from the industrial plains. “The new sta- 
tion will help us to trace pollutants that we have 
unexpectedly monitored” since 1990, such as 
industrial aerosols and organic compounds, 
says project director Paolo Bonasoni, a physi- 
cist at Italy’s Institute of Atmospheric Sciences 
and Climate in Bologna. The weather station is 
now sending hourly data to the Pyramid on 
solar radiation as well as weather conditions. 
“Reliable records of temperature trends in the 
upper troposphere [between 6000 and 11,000 
meters] are still lacking,” says Veerabhadran 
Institution of 
Oceanography in San Diego, California. 
“Temperatures at this high-altitude station can 
be one of the most fundamental measures of 


Ramanathan of Scripps 


global warming.” 
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AWARDS 

FIRST KAVLI PRIZES. Researchers from the 
United States, the United Kingdom, Japan, and 
Sweden have won inaugural $1 million prizes 
from the Kavli Foundation. The awards are for 
accomplishments in nanoscience, neuroscience, 
and astrophysics, fields that Norwegian-bom 
philanthropist Fred Kavi wants to boost. 

Louis Brus of Columbia University and 
Sumio lijima of Meijo University in Nagoya, 
Japan, win the nanoscience prize: Brus for his 
work on nanocrystal semiconductors and lijima 
for his research on carbon nanotubes, Maarten 
Schmidt of the California Institute of Technology 
in Pasadena and Donald Lynden-Bell of the 
University of Cambridge in the U.K. share the 
astrophysics prize for work related to quasars. 
And Sten Grillner of the Karolinska Institute in 
Stockholm, Sweden, Pasko Rakic of Yale 
University School of Medicine, and Thomas 


Jessell of Columbia University are co-winners of 
the neuroscience prize: Grillner for spelling out 
how patterns of neuronal circuitry affect loco- 
motion and Rakic and Jessell for work on how 
neurons develop in the embryonic brain and 
spinal cord, respectively. 


CALCULUS OF PEACE. David Mumford, one of 
three winners of the 2008 mathematics prize 
from the Israel-based Wolf Foundation, is 
donating his share of the $100,000 award to 
Palestinian causes. Mumford, professor emeritus 
of mathematics at Brown University, will give 
half of his award to Birzeit University in the West 
Bank and half to the Tel Aviv-based human 
rights organization Gisha, which works for free- 
dom of movement of Palestinians in Gaza. 

A pioneer in algebraic geometry who previ- 
ously won the Fields Medal, mathematics’ 
highest honor, the 70-year-old Mumford says 
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DEFENDING CAPTIVITY. Is Jane Goodall in favor of keeping animals in zoos or isn’t she’? 

Last month, the celebrated primatologist and animal-rights activist found herself 
under fire from animal-welfare advocates for remarking that chimpanzees might be 
better off in zoos than in the wild. “If I were a chimpanzee, I know what I would 
choose,” she said in a 19 May speech at the opening of a new monkey enclosure at the 
Edinburgh Zoo in the U.K., contrasting the safety and comfort of zoos to the dangers of 
poaching and habitat loss in the wild. Her words put her at odds with Advocates for 
Animals, a U.K. organization that Goodall herself has led since 1998. 

“I would prefer that zoos did not exist,” she explained in a 25 May letter to the 
London Times, which ran a story about the event. But rather than condemn all zoos, 
“I choose to praise those that are doing the best job.” 

Goodall has stepped down as president of Advocates for Animals but says her 
resignation is unrelated to the controversy, “I just don’t have time for them,” she told 
Science, adding that she’s on the road 300 days per year. Last week, for example, 
she was in Brussels presenting a petition asking the European Union to 
abandon experimentation with animals. 


his donations were inspired by a trip to Israel 
and Palestine 4 years ago, when he saw how 
difficult it was for Palestinians to study abroad. 
Sari Bashi, director of 
Gisha, says Israeli 
restrictions on travel 
from Gaza are particu- 
larly hard on science 
students: “There are 
many advanced 
degrees that don’t exist 
in Gaza. Hundreds of 
students are trapped 
there and can’t reach their studies.” 

Mumford stresses that he is “not doing 
this as a criticism of Israel. This is in Israel's 
interest as well. Educated Palestinians can be 
better partners for peace than uneducated 
ones.” A full list of Wolf Prize winners is at 
www.wolffund.org. il. 


Three Q’s >> 


VIENNA, AUSTRIA—On a visit 
here last week, Nobelist Eric 
Kandel attended the debut of 
In Search of Memory, a film 
about his life and work, dined 
with Austrian President Heinz 
Fischer, and urged officials to 
rename a boulevard that bears 
the name ofa 19th century 
mayor known for his anti- 
Semitic views. Kandel, who 
fled Nazi-controlled Austria in 
1938 at the age of 9, is now a 
member of the newly built 
Institute of Science and 
Technology Austria. 


Q: How did Austria 
lure you back? 

Of course, I had 
distrust of the 
Viennese. The 
Catholics here 
nearly took my life. 
Unlike Germany, 
where they’ve con- 
fronted their [anti- 
Semitic] history very trans- 
parently, Austria has never 
dealt with it. I remember a 
Viennese woman said to me at 
the time, in a very typical 
comment, “You know, they 
weren't all bad.” So when I 
won the Nobel, I stuck it to 
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the Austrians by 
saying that it was 
certainly not an 
Austrian Nobel; it 
was a Jewish- 
American Nobel. 
After that, I got a 
call from the [for- 
mer] Austrian presi- 
dent [Thomas 
Klestil], asking me, “How can 
we make things right?” 


Q: What are your goals here? 
First, Doktor-Karl-Lueger- 
Ring should be renamed. 
Lueger was mayor of Vienna 
[1897 to 1910] and a notorious 


SCIENCE VOL320 6JUNE 2008 


anti-Semite. Hitler even cited 
him in Mein Kampf. The fact 
that the University of Vienna 
is on this street is offensive. 
Second, I would like to see the 
Jewish intellectual community 
brought back to Vienna. There 
need to be scholarships for 
Jewish students and 
researchers. 


Q: Who will pay for it? 

I’m talking to a private donor. 
Public money, private money, 
... [don’t care. The Jewish 
community here was incredi- 
bly vibrant. Imagine bringing 
that back. Wouldn’t it be nice? 


L NEWSVAK ERS 
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Francis Collins on 
personal genomics 


Russian Academy President 
Narrowly Wins Reelection 


MOSCOW—Despite unprecedented opposition, 
which included fellow academicians calling for 
him to step aside, Yuri Osipov wasreelected last 
week to a fourth term as president of the Russ- 
ian Academy of Sciences (RAS). The election, 
in which two candidates who challenged 
Osipov received a combined 46% of the secret 
ballots, made clear that RAS is split at a time 
when many members feel its future is insecure, 
Osipov’s return “will bring the academy to deep 
stagnation,” says academician Alexandr Spirin, 
who had made a public call for the 71-year-old 
mathematician not to seek reelection. 

It’s not clear, however, how long Osipov 
will actually serve. A source in the academy 
told Science that Osipov eamed the support of 
the RAS Presidium, a key management body, 
only after agreeing to leave his post shortly 
after the elections so that Mikhail Kovalchuk, 
director of the Kurchatov Institute, can take his 
place. Some discount such gossip, however. “I 
know these rumors about Osipov to be 
replaced by Kovalchuk, but I doubt it is true,” 
says Nikolay Ponomarev-Stepnoy, the Kurcha- 
tov Institute’s vice president. 

Kovalchuk was expected by many to win 
Osipov’s seat this year, in large part because 
the government has placed nearly $8.5 billion 
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Power couple. At the Russian Academy of Sciences, 
Prime Minister Viadimir Putin (left) chats with RAS 
President Yuri Osipov. 


of nanotechnology funding under his insti- 
tute’s control and because former Russian 
president and now Prime Minister Vladimir 
Putin is seen as his champion. Indeed, Putin 


The rise of 
the Andes 


paid a rare visit to RAS to announce new sci- 
ence funding measures, including higher 
salaries for academicians, corresponding 
members, and RAS researchers. 

But many RAS members, skeptical that the 
nanotechnology money will actually fund aca- 
demic research, weren't swayed by Putin's lob- 
bying. Two years ago, Kovalchuk failed to get 
elected to a full academician membership, and 
last week, academy members again declined to 
approve his membership, dooming any plans 
for him to run for election to be the next RAS 
president. The apparent rebuke to Putin could 
threaten the independence of RAS, as recent 
legislation has given the Russian government 
authority to claim some of the academy's valu- 
able property. 

Still, even without Kovalchuk in the run- 
ning, Osipov’s victory was close. In past elec- 
tions, he had no official challengers. But this 
time, the Power Industry, Machine-Building, 
Mechanics and Control Processes branch of 
RAS nominated its head, Vladimir Fortov. A 
significant personality in Russian science, 
Fortov headed the Russian Foundation for 
Basic Research and was the country’s science 
minister in the 1990s. 

Citing the need for regular turnover of top 
positions, academician Vladimir Zakharov, 
head of the RAS Research Center in 
Chemogolovka, had written a letter to Power 
Industry branch officials suggesting Fortov. 
“Fortov is a prominent scientist, who won 
many international prizes. ... He is well- 
known all over the world and his presidency > 


Breaking With Tradition, France Picks Future Elite Schools 


The French government has selected six uni- 
versity clusters to receive up to €500 mil- 
lion each for drastic renovation and expan- 
sion of facilities on their aging campuses. 
Although the money is for buildings only, 
the move is part of a broader plan to trans- 
form the selected schools into top-notch 
research universities that can compete on the 
global level and boost France’s poor show- 
ing in university rankings. 

Each of the six winning proposals comes 
from collections of universities and other 
schools in individual cities—Toulouse, 
Grenoble, Strasbourg, Montpellier, Lyon, 
and Bordeaux—that have agreed to merge 


or at least strike up tight collaborations that 
will increase their clout and attractiveness. 
“We have never received amounts like this 
before,” says Alain Beretz, president of the 
University Louis Pasteur in Strasbourg, one 
of the winners. 

Most of the €5 billion for “Operation 
Campus” comes from the government's 
sale of shares in the electricity company 
EDF. The eight-member panel that 
selected the six winners asked seven others 
to rework their proposals and compete for 
four remaining slots to be awarded in July. 
One or more clusters from the Paris region 
are widely expected to be among the winners 


in that round. 

The plan, a 2007 campaign promise of 
President Nicolas Sarkozy, resembles Ger- 
many ’s prior effort to elevate nine universi- 
ties to elite status (Science, 20 October 
2006, p. 400). It’s also a controversial 
break with France's traditionally egalitar- 
ian funding system. “The government is 
creating rich universities so it can forget 
about the others,” says Alain Trautmann, 
the founder of Sauvons la Recherche, a 
researchers’ movement, who argues that a 
“Marshall Plan” is needed to spruce up all 
campuses across the country. 

—MARTIN ENSERINK 
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would strengthen the Academy's international 
status,” noted Zakharov. The Far-Eastern 
Branch of the academy also proposed a candi- 
date, Valery Chereshnev, head of the RAS 
Urals Branch. 

A couple of weeks before the elections, 
Spirin, former director of the RAS Protein 
Institute, sent a public letter to Osipov asking 
him to withdraw his candidacy. “In the recent 
years the authority of our Academy, as well 
as your personal authority as the president, 
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New respect forthe 
Indus civilization 


has strongly gone down in the broad scien- 
tific community and continues to fall,” 
wrote Spirin. 

At the RAS meeting in Moscow, Zakharov 
and Spirin again presented their arguments. 
Supporters of Osipov countered that he had 
managed the academy successfully for 17 years 
and was accepted in high government circles. 
“In these 17 years, Osipov has more than once 
saved the academy from elimination,” says 
RAS Vice President Alexandr Nekipelov. 


Seaweed Invader Elicits Angst in India 


NEW DELHI—An effort in southern India to 
raise coastal farmers out of poverty by paying 
them to cultivate red algae fora food additive 
has gone awry. Last month, botanists 
reported that the alga, Kappaphycus 
alvarezii, has invaded coral reefs in a marine 
reserve in the Bay of Bengal. Experts are try- 
ing to establish who let the seaweed escape 
into the wild: a government lab, a multi- 
national company, or careless farmers. 

The saga began in 1996, when the Cen- 
tral Salt and Marine Chemicals Research 
Institute (CSMCRI) in Bhavnagar launched 
a project to grow the algae in perforated 
bags in the open sea and extract car- 
rageenan, a gelatinous compound used to 
stabilize or add texture to products as 
diverse as toothpastes and mocha lattes. In 
2000, CSMCRI transferred the technology 
to PepsiCo India Holdings Private Limited 
in Gurgaon, whose executive vice president, 
Amit K. Bose, told Science that since 2001 
the company has been “supporting and sub- 
sidizing” local farmers to cultivate the alga 
offshore. The seaweed is grown on tethered 
rafts in shallow water; algae is harvested 
and dried and exported to countries such as 
Malaysia and the Philippines, which extract 
the carrageenan 

The commercial cultivation is near the 
edge of the Gulf of Mannar Marine National 
Park, a 560-square-kilometer reserve that’s 
home to more than 100 species of corals and 
mammals such as sea cows and dolphins. Off 
Kurusadai Island in the reserve, “no part of 
the coral reefs was visible in most invaded 
sites, where [the algae] doomed the entire 
colonies and occupied almost all ridges and 


valleys of the coral landscape,” a team led by 
botanist S. Chandrasekaran of Thiagarajar 
College in Madurai reported in the 10 May 
issue of Current Science. It’s not clear if the 
alga has spread to other parts of the reserve. 
This isn’t the first time the alga, native to 
the Philippines, has invaded new turf: In 
1999, it colonized coral reefs in Hawaii, 
according to the University of Hawaii, 
Manoa. For that reason, some prominent 
researchers, including M. S. Swaminathan, 
an agricultural scientist at M. S. Swami- 
nathan Research Foundation in Chennai who 
now serves in Parliament, had opposed 
bringing the alga to India in the first place. 
No one has taken responsibility for 
K, alvarezii’s escape. Whoever is deemed 
responsible could be prosecuted for damag- 
ing habitat under the Indian Wild Life Protec- 


Moving in. Koppaphycus alvarezii growing on coral 
in the Gulf of Mannar Marine National Park. 


When the votes were counted, Osipov had 
received 52%, whereas Fortov got 39% and 
Valery Chereshnev 7%. “I think we are now 
witnessing a critical moment in the history of 
our academy,” says Spirin., “This is an unprece- 
dented situation that so many people voted 
against the president.” 

~ANDREY ALLAKHVERDOV AND 
VLADIMIR POKROVSKY 


Andrey Allakhverdov and Vladimir Pokrovsky are writers 
in Moscow. 


tion Act of 1972, says P. K. Manohar, a 
lawyer with Legal Action for Wildlife and 
Environment in New Delhi. 

Bose acknowledges that PepsiCo pro- 
moted contract farming of the algae to serve 
the community by helping impoverished 
farmers. The company guarantees that it will 
buy all the farmers’ annual production of 
K. alvarezii, amounting to 100 to 200 metric 
tons of dry seaweed; all the dry seaweed is 
exported, Bose says. He denies that PepsiCo 
played a role in the alga’s escape into the 
marine reserve. Instead, he suggests that 
CSMCRI’s cultivation trials are “the root 
cause for its bioinvasion at [Kurusadai].” 

CSMCRI’s director, Pushpito K. Ghosh, 
says he is “quite puzzled as to what may have 
happened.” He and his colleagues argue that 
strong currents could have swept algal twigs 
from commercial farms near Kurusadai or 
from his institute’s trial cultivation site. 
“Another possibility, which must not be ruled 
out, is clandestine experimentation by 
unscrupulous elements,” Ghosh says, with- 
out elaborating. Chandrasekaran calls that an 
“outlandish explanation” and notes that no 
one is allowed to visit Kurusadai Island with- 
out written permission from reserve authori- 
ties. No matter how the seaweed colonized 
Kurusadai, Ghosh says, “there is no question 
of CSMCRI disowning responsibility.” 

PepsiCo has said it will pay for a wider 
survey of K. alvarezii inthe marine reserve as 
well as measures to scoop it up. But it may be 
too late to get rid of the algae, says Swami- 
nathan; “All that we can now do is restrict the 
extent of bioinvasion.” 

~PALLAVA BAGLA 
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FRANCIS COLLINS INTERVIEW 


Departing U.S. Genome Institute Director 
Takes Stock of Personalized Medicine 


For 15 years, Francis Collins has been the 
face of the public effort to decipher the 
human genome. So it came as a surprise 
last week when the physician-geneticist 
announced he will step down as director of 
the U.S. National Human Genome Research 
Institute (NHGRI) on | August. He plans to 
write a book on personalized medicine and 
launch a broad job search. 

Since taking the helm of NHGRI—then a 
center—in 2003, Collins led a then-contro- 
versial 10-year effort to sequence the 3 billion 
bases of the human genome, ushering in “big 
biology.” The Human Genome Project 
sparked a debate about whether genomic data 
should be freely available, an argument 
Collins championed and ultimately won. He 
has also been a tireless advocate of legislation 
to protect people from genetic discrimination. 
The passage of such a law last month was one 
“signal” that it was time to leave, he says. 

The timing of Collins’s departure has 
prompted speculation that he wants to advise 
one of the presidential campaigns, a possibil- 
ity he says would interest him. Which side is 
not clear: He told Science only that he con- 
siders himself an independent. Collins is an 
evangelical Christian who wrote a 2006 book 
about his beliefs. 

Collins reflected on the state of genomic 
medicine and his plans in a telephone inter- 
view last week. His remarks, edited for 
brevity, follow. A longer version, including 
his thoughts on dealing with the egos 
involved in the human genome program, is 
available at www.sciencemag.org. 

-JOCELYN KAISER 


Q: Genomewide association studies are turn- 
ing up many new genetic risk variants for com- 
mon diseases. Yet when people have their DNA 
scanned for these markers through companies 
like 23andMe, they learn that they have 
slightly elevated risks for diseases that they 
are at only modest risk of developing in the 
first place. If this is personalized medicine, it 


Science basically arguing for the International 
to reveal genetic risk factors in common 
fare program for the 

sciencemag.org 
now see pouring out 
165 genetic variants associated with a com- 
But let’s be frank about it. The discoveries 
have been speculating that variants that are less 
So I think in another 6 or 8 years [when rare 
I’m of two minds here. I’m actually quite 


seems disappointing. 
F.C.: | co-wrote a paper back in 1997 in 
HapMap Project [to map human genetic 
diversity] and for the potential that would have 
disease. There were people saying HapMap 
ie was basically a wel- 
Onl INE genome centers. So 
the successes that you 
Longer version of 
Us iiteavene of the pages of jour- 
nals are exhilarating. At latest count, I think 
mon disease have been discovered in the last 
2 years. 
still only account for a fraction of the heritabil- 
ity of diabetes or heart disease. A lot of people 
common—1% or 2% or 3%—will have a 
larger effect in people that are carrying them. 
variants are known], the predictive power will 
ratchet up substantially. 
excited to see all these discoveries that many 
people are interested in taking advantage of. 


But I’m also worried that the public might 
become disillusioned and say, “Is that all 
there is?” And that could set the field back. 


Q: How will personalized medicine work 
10 years from now? 

F.C.: I think we'll be at the point where 
sequencing your genome or mine could be 
done in an hour for under $1000, and people 
will say, “No big deal; why did they ever 
think this was hard?” But we'll still have this 
question of, “Okay, we can now make a 
pretty good prediction about your risk. What 
should you do about it?” 

And here is one of my major frustrations. 
We desperately need, in this country, a large- 
scale, prospective, population-based cohort 
study. And we need to enroll at a minimum 
half a million people. We would need to have 
their environmental exposures carefully 
monitored and recorded, their DNA informa- 
tion recorded, their electronic medical 
records included, and have them consented 
for all sorts of other follow-ups. 

I tried very hard to get some enthusiasm 
for this at high levels in the Congress and the 
[Bush] Administration, but as soon as people 
realize that this is genome project—like in 
terms of its cost, they shake their heads and 
say, “Well, it’s not the right time.” It would be 
$300 [million] or $400 million a year to run 
this study. 


Q: Do you think the day will come when the 
large sequencing centers supported by NHGRI 
are no longer needed? 

F.C: Yes. They re incredibly valuable right now, 
but I do look forward to a time, maybe 5 years 
from now, maybe 7 years, where DNA 
sequencing is so exportable, and so much of a 
plug-and-play operation, that the need for these 
very large, complex centers fades away. 


Q: Why are you resigning now and moving, 
as you put it, into “the white space of unem- 
ployment”? 

FC.: Atage 58, I'm restless to see what other 
challenges might be out there waiting for me. 
I want some time to reflect on all that’s hap- 
pened, to step out of the pressures of a 
90-hour work week, and see where is all this 
going. Maybe there’s something I can do in 
global health or something that relates to the 
real applications of genomics to medicine— 
given my physician background, that’s where 
my heart is. 

This sort of systematic [job] search, where 
you talk to lots of people, is pretty untenable 
when you're an NIH institute director. That is 
especially true now with the very high 
scrutiny towards conflicts of interest. 
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Runoff Threatens Early Human Site 


PRETORIA, SOUTH AFRICA—Wastewater 
runoff from a golf-course irrigation system is 
threatening research at caves along South 
Africa’s southern coast that contain the earli- 
est evidence of humans exploiting marine 
resources, scientists say. To their disappoint- 
ment, a judge here declined last week to issue 
an injunction designed to protect the archaeo- 
logical site. 

Due to the area’s water shortage, the golf 
course has been using a “gray water” effluent 
to nurture its greens, but a drainage system 
intended to prevent leaching into the 15 caves 
below hasn’t worked as planned. The 
Wildlife and Environment Society of South 
Africa (WESSA), a party to the original 
agreement under which the golf course was 


Water hazard. Researchers are using plastic mats and sandbags to try to protect 
prized caves from leaching damage caused by runoff from a golf course. 


supposed to protect the caves from leaching, 
had asked a high court judge of Western 
Cape province to order that the irrigation be 
stopped or diverted. 

“The cave we are now excavating has 
been badly affected by the effluent leaching,” 
says archaeologist Curtis Marean of Arizona 
State University’s Institute of Human 
Origins in Tempe, who heads an inter- 
national project investigating the so-called 
Pinnacle site and nearby caves near Mossel 
Bay. He says the caves at Pinnacle “were dry 
as a bone” when he first saw them in 1998; he 
and other scientists noticed the leaching, 

4 which includes greenish and yellowish 
= deposits from chemicals in the effluent, after 
& the golf course opened in 2006. 

Dozens of scientists from South Africa 

§ and countries around the world have con- 
§ ducted archaeological research in caves at the 
& site, first excavated in 2000. The site has pro- 


www.sciencemag.org 


vided evidence that people in the caves 
included shellfish and other marine resources 
in their diet about 164,000 years ago, as 
shown by the dating of mussel shells and a 
whale barnacle found in the caves, The caves 
also revealed an early use of pigment and the 
production of bladelet stone tool technology 
(Science, 19 October 2007, p. 377). 

Marine biologist Steve du Toit, who 
directs conservation efforts for WESSA in 
the Western Cape, says that the organization 
wanted the court to take quick action “to 
ensure there is no further damage to the 
archaeological resources or the environment 
of the site.” But the judge said local home- 
owners, whose property values could be 
affected by a halt in irrigation, were “entitled 
to be heard” as part 
of any court deci- 
sion. WESSA plans 
to appeal. 

The developer of 
the golf course, the 
Pinnacle Point Golf 
Estate, says it is try- 
ing to correct the 
leaching problem. It 
stopped irrigating the 
practice green and 
two holes of the course 
this week and—if 
the province’s envi- 
ronment department 
approves—plans to 
install a new mem- 
brane and drainage 
system, says the de- 
velopment director, Lance Kinnear. But 
du Toit and other scientists worry that this 
won't stop all the leakage, and they fear addi- 
tional cave damage. 

As part of a wider project focused on 
southern A frica’s ancient climate, environ- 
ment, ecology, and anthropology, scientists 
are analyzing stalagmites in the caves to help 
determine rainfall and vegetation patterns in 
the region between 50,000 and 90,000 years 
ago and help develop climate models. Marean 
calls the effort “the first large transdiscipli- 
nary project to target the southern reaches 
of the Southern Hemisphere in an attempt 
to develop a unified record of climate 
and environmental change over the last 
400,000 years.” But Marean says that the 
leaking effluent may have already contami- 
nated the geochemistry of some stalagmites, 
irrevocably altering that valuable record. 

ROBERT KOENIG 
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NASA Suppressed Science 


NASA's inspector general (IG) has confirmed 
allegations made 2 years ago that political 
appointees in the agency's press office sup- 
pressed discussion of climate change research. 

Fourteen senators requested the IG inves- 
tigation after NASA climate change researcher 
James Hansen told The New York Times in 
January 2006 that he had been muzzled. In a 
2 June report, the IG finds that from fall 2004 
through early 2006, the NASA headquarters 
public affairs office “reduced, marginalized, 
or mischaracterized climate change science.” 
The 48-page report also confirms that NASA 
barred Hansen from being interviewed by 
National Public Radio partly because of con- 
cerns that he would discuss policy. 

However, the 1G found no evidence that 
research activities were suppressed at NASA's 
research centers. Rather, the problems 
involved “a few key senior employees” in the 
central NASA public affairs office, not NASA 
leaders or Bush Administration officials out- 
side the agency. NASA spokesperson Michael 
Cabbage notes that once senior NASA officials 
became aware of the problem, they issued a 
new media policy allowing openness (Science, 
7 April 2006, p. 32). -JOCELYN KAISER 


Banking on Europe's Biobanks 


Europe urgently needs to coordinate its bio- 
banks, according to a report released 27 May by 
the European Science Foundation (ESF). Sev- 
eral European countries have “an enormously 
rich resource” of tissue samples and health 
records stretching back decades, the report 
says, but varying standards and regulations 
prevent scientists from combining different 
collections. ESF calls for harmonizing sample 
storage and record keeping and for countries 
to draw up laws and regulations that make 
international collaborations possible. 

Earlier this year, the European Union 
awarded €5 million to the Biobanking and 
Biomolecular Resources Research Infrastruc- 
ture (BBMRI), which aims to integrate 
Europe's existing biobanks into a single net- 
work, That’s an important first step, says 
Frank Skorpen of the Norwegian University of 
Science and Technology in Trondheim, co- 
chair of ESF’s expert group, but ultimately 
much larger sums will be needed. To attract 
sustained funding, says Kurt Zatloukal of the 
Medical University of Graz in Austria, coordi- 
nator of BBMRI, researchers need to estimate 
the economic impact of a pan-European 
biobank. “We need to quantify the potential 
return on investment.” 

~GRETCHEN VOGEL 
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Read All About It—The First Female Genome! Or Is It? 


Dutifully hailing it as a victory for equality, 
hundreds of newspapers, TV stations, and Web 
sites noted last week that scientists had finally 
sequenced the genome ofa woman. A 34-year- 
old red-haired clinical geneticist from the 
Netherlands had joined living DNA legend 
James Watson and genome entrepreneur 
J. Craig Venter in the exclusive club of people 
whose entire DNA sequence has been unrav- 
eled. The story had a funny twist, too: Her 
name is Marjolein Kriek. A Watson and a 
Kriek, united by DNA again. 

But the announcement raised eyebrows as 
well, because the data have not been put in the 
public domain nor analyzed, let alone pub- 
lished. “As far as I can tell, this whole story is 
about perception with no reality involved,” 
PLoS Biology editor Jonathan Eisen, an evolu- 
tionary biologist, wrote in his blog. Indeed, 
Leiden University Medical Center (LUMC), 
which presented the research at a 26 May meet- 
ing in Amsterdam, wasn't really the first to 
claim a female genome—not even the second. 

Scientifically, it made sense to sequence 
the male genome first because women lack the 
Y chromosome, says John Edwards, who stud- 
ies the genomics of breast cancer at Columbia 
University. But sequencing female genomes, 
especially when coupled with medical histo- 
ries and clinical data, will be “vital for shed- 
ding new light on women’s diseases,” he says. 

Such considerations aside, when LUMC 
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bought a top-line sequencer from Illumina in 
San Diego, California, last year, it realized that 
the first female genome could make a splash, 
says team leader Gert-Jan van Ommen, The 


In the spotlight. Clinical geneticist Marjolein Knek 
is among the first women to have her entire genome 
sequenced. 


team recruited Kriek, he says, because of her 
name’s resemblance to that of Watson’s 
colleague Francis Crick, who died in 2004. 
The PR machine started humming in 
earnest when Van Ommen agreed to present 


the genome effort at a 1-day meeting of Dutch 
researchers and science journalists organized 
by the Netherlands Organisation for Scientific 
Research (NWO). To promote that meeting, 
NWO issued an embargoed press release for 
science reporters around the globe promising 
“world news.” 

But Illumina itself said in a 6 May press 
release that it had sequenced three unidenti- 
fied Nigerian people: a man, a woman, and 
their son. And on that same day, a team from 
Washington University in St. Louis, Mis- 
souri, announced at a meeting at Cold Spring 
Harbor Laboratory that, as part of a project to 
understand the genetics of acute myeloid 
leukemia, it had read the genome of a female 
cancer patient. 

Van Ommen says he wasn’t aware of 
those claims. “If we had known, we would 
not have presented it this way,” he says. He 
does plead guilty to Eisen’s charge of “sci- 
ence by press release,” noting, however, that 
his team is hardly the only perpetrator: For 
example, Watson’s genome sequence was 
hailed publicly months before Nature pub- 
lished a paper on it. 

Illumina isn’t the least bit miffed at the Lei- 
den team’s priority claim, a company 
spokesperson says. Perhaps that’s because the 
LUMC press release noted that Kriek’s DNA 
was cracked using IIlumina’s equipment. 

—MARTIN ENSERINK 


Encourage Risk, Help Young Researchers, Panel Advises 


Tight budgets have done more than restrict 
research; they're damaging morale by making 
people afraid to take chances, just when it’s 
more important than ever to invest in what 
could be “transformative” research, a new 
report from the American Academy of Arts 
and Sciences argues. “The constant hunt for 
dollars is fostering conservative thinking” 
and thus making a bad situation worse, 
according to a panel headed by Thomas Cech, 
president of the Howard Hughes Medical 
Institute in Chevy Chase, Maryland. 

Formed to look at “alternative models for 
the federal funding of science,” the 22-person 
committee “quickly drilled down” to two 
messages, says panel member Keith 
Yamamoto of the University of California, 
San Francisco: the need to foster early-career 
scientists and to encourage high-risk 


research. Released this week, the white paper 
Advancing Research in Science and Engi- 
neering is styled as a follow-on to a National 
Academy of Sciences report (Rising Above 
the Gathering Storm) issued in 2005. “This 
report addresses a very serious set of prob- 
lems,” says Robert Berdahl, president of the 
Association of American Universities in 
Washington, D.C. 

The panel notes that young investigators 
are struggling as training times lengthen and 
competition for grants gets tougher. The sta- 
tistics are “scary,” Yamamoto says: In 1980, 
86% of new faculty members won a grant the 
first time they applied for one; now only 18% 
do. At the same time, they're getting older: 
The average Ph.D. gets his or her first real job 
at age 38 and first ROI-type grant at 42. 

It’s time to encourage the next generation 


by various means, including supplying day- 
care for their young children and offering 
generous first-time grants that will keep a 
researcher afloat through tenure review time, 
the panel says. 

In what Cech calls its “single most contro- 
versial recommendation,” the report says 
institutions should find ways to help 
researchers with their salaries rather than 
relying on them to support themselves 
entirely with grant money—an arrangement 
that makes them more risk averse. 

The report eschews calls for increased 
funding, focusing instead on how to get the 
most out of existing research dollars. One 
suggestion to universities: “Limit excessive 
building programs” in order to make more 
money available for promising investigators. 

—CONSTANCE HOLDEN 


(CREDIT: LEIDEN UNIVERSITY MEDICAL CENTER 


6 JUNE 2008 VOL320 SCIENCE www.sciencemag.org 


GEOCHEMISTRY 


High, but how fast? The central Andes may have 
risen rapidly after shedding some weight 


The Andes Popped Up by Losing 
Their Deep-Seated Rocky Load 


Mountains grow so slowly that no one would 
notice—or so conventional thinking would 
have it. But a group of geoscientists is argu- 
ing that about 8 million years ago, the central 
Andean plateau, at least, sprang upward so 
fast that modern surveying techniques could 
have revealed the uplift in a few years, It 
happened, they think, when the deep root of 
dense rock that anchored the Andes rapidly 
fell away. The new geochemical evidence of 
rapid uplift “is really beautiful stuff,” says 
tectonophysicist Peter Molnar of the Univer- 
sity of Colorado, Boulder. Lovely or not, the 
new paleo-elevation data will be facing 
some tests of their own. 
Mountains rise because Earth’s outer skin 
gets squeezed. Across the Andes, an oceanic 
tectonic plate drives against the western 
edge of South America as the plate dives 
beneath the continent. A slow, steady 
squeeze gradually compresses and thickens 
the crust, Because the crust is less dense than 
underlying rock, that thickening buoys it, 
causing the mountains to rise. Tectono- 
physicists assumed that the rise of the Andes 
had been as protracted as their 50-million- 
year-long compression, but the geologic 
record of uplift left the speed ambiguous. 
In recent years, geochemists have 
exploited a more detailed record of elevation 
change locked in the isotopic composition of 
the oxygen, hydrogen, and carbon of minerals 
formed as mountains rise. On page 1304 of 
this issue of Science and in a paper in press 
in Earth and Planetary Science Letters, 
Carmala Garzione and Gregory Hoke, both 
y of the University of Rochester, New York, 
& and their colleagues report new geochemical 

paleo-elevation data. Combined with exist- 

ing isotopic data, the new data point to rapid 
8 uplift. In one technique they used, isotopes 
2 can reflect uplift because as atmospheric 
= moisture moves up a mountainside, isotopi- 
§ cally heavy molecules tend to precipitate out 
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sooner than lighter ones. That leaves rela- 
tively less of the heavy molecules in the rain 
and snow that falls on the mountaintop, 
where the isotopes are locked into minerals. 
The higher the mountaintop, the lighter the 
isotopes. From the isotope data, Garzione 
and her colleagues infer that the Andean 
plateau shot up by 1.5 kilometers in as little 
as | million years. 

Crustal compression doesn’t happen that 
fast, but Garzione and her colleagues say an 
indirect effect can explain the rapid rise. 
Compression thickens not only the crust but 
also the cold, dense mantle rock immedi- 
ately beneath. The central Andes seem to 
have lost this so-called mantle lithosphere, 
the group says, removing a weight from the 
lighter crust. Without that ballast, the crust 
could rise. The timing and style of volcanism 
in the central Andes suggest that the mantle 
lithosphere fell away suddenly—as a huge 
drop dripping off the crust or as a layer peel- 
ing away—just when the isotopic data indi- 
cate a punctuated uplift, the group writes. 

The Andean paleo-elevation data all but 
clinch the case for that scenario, says 
tectonophysicist David Rowley of the Uni- 
versity of Chicago in Illinois. But first the 
paleo-elevation data need to be tested fur- 
ther, says Todd Ehlers of the University of 
Michigan, Ann Arbor. Garzione and col- 
leagues state that the climate under which 
new minerals recorded elevation change 
resembled the modern climate, he says, “but 
they’ve never tested it.” Ehlers reported at 
last December’s American Geophysical 
Union meeting that in a climate model, the 
rise of the Andes themselves alters cli- 
mate—for example, by changing the source 
and therefore the isotopic composition of 
precipitation. That could give a false paleo- 
elevation, he says. He would like to see more 
work with models rather than in the field. 

RICHARD A. KERR 
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More Clouds Over Fermilab 


The United States’s last dedicated particle 
physics laboratory faces a bleak future if Con- 
gress doesn't come through with new money, 
say advisers to the U.S. Department of Energy 
(DOE). Fermi National Accelerator Laboratory 
(Fermilab) in Batavia, Illinois, is already feel- 
ing a budget crunch (Science, 30 May, p. 1148). 
But last week, DOE's Particle Physics Project 
Prioritization Panel reported that if DOE’s 
current $688 million budget for high-energy 
physics remains flat, then Fermilab research- 
ers will have to wait an extra 3 to 5 years, to 
roughly 2017, to start building a high-intensity 
proton source that would be the lab’s new 
centerpiece. Also, the labs particle smasher, 
the Tevatron, would have to close in 2009, a 
year earlier than hoped, giving it less time to 
beat a new machine in Europe at finding the 
prized Higgs boson. 

Lab spokesperson Judy Jackson says she is 
optimistic that “many members [of Congress] 
understand the plight of high-energy physics” 
and will act accordingly. However, Congress 
has not followed through with proposed 
increases for two straight years and last year 
cut the particle physics budget by $64 million. 

~ELI KINTISCH 


Rock Art Dustup 


A new federal analysis could halt controversial 
plans to expand gas development in Utah’s 
archaeologically rich Nine Mile Canyon. The 
remote canyon, which features an estimated 
10,000 rock art images, also holds major 
reserves of natural gas. In 2004, the Bureau of 
Land Management (BLM) permitted drilling 
projects to commence in Nine Mile. A recent 
BLM-commissioned study supports archaeolo- 
gists’ fears that the rock art is being damaged 
by dust from trucks and rigs plying an 
unpaved road (Science, 25 January, p. 394). 

Now the Environmental Protection Agency 
(EPA), as part of its review of a BLM plan to 
allow 600 new gas wells, has entered the fray. 
Last week, EPA found BLM’s draft Environmen- 
tal Impact Statement “unsatisfactory” because 
it did not “adequately assess” potential ozone 
pollution. EPA also expressed concern that 
dust is compromising the “physical integrity” 
of the rock art. The EPA evaluation “reaffirms 
that we're not the only ones who think some- 
thing is amiss,” says archaeologist Jerry 
Spangler, executive director of the Colorado 
Plateau Archaeological Alliance, an antiquities 
preservation group. BLM has agreed to con- 
duct more air-quality testing, which could 
delay the new wells indefinitely. 

KEITH KLOOR 
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2 Savy indus 


Long in the shadow of its sister civilizations to the west, the Indus 
is emerging as the powerhouse of commerce and technology in the 
3rd millennium B.C.E. But political and economic troubles dog 
archaeologists’ efforts to understand what made this vast society tick 


THAR DESERT, PAKISTAN—Egypt has pyramids, temples, and mum- 
mies galore. Ancient Mesopotamians left behind the dramatic saga of 
Gilgamesh, receipts detailing their most prosaic economic transac- 
tions, and the occasional spectacular tomb, But the third of the world’s 

r three first civilizations had, well, good 
Online 


plumbing. Even the archaeologists who first 
é discovered the Indus civilization in the 1920s 
sciencemag.org 
[AR Podcast interview 


found the orderly streetscapes of houses built 

Ss with uniform brick to be numbingly regi- 
ae wth e author of mented. As recently as 2002, one scholar 
felt compelled to 
insist in a book that the remains left behind 
by the Indus people “are not boring.” 

Striking new evidence from a host of 
excavations on both sides of the tense border 
that separates India and Pakistan has now 
definitively overturned that second-class sta- 
tus. No longer is the Indus the plain cousin of 
Egypt and Mesopotamia during the 3rd mil- 
lennium B.C.E. Archaeologists now realize 
that the Indus dwarfed its grand neighbors in 
land area and population, surpassed them in 
many areas of engineering and technology, 
and was an aggressive player during human- ™* 
ity’s first flirtation with globalization 5000 
years ago. The old notion that the Indus people 


were an insular, homogeneous, and egalitarian 
bunch is being replaced by a view of a diverse 
and dynamic society that stretched from the 
Arabian Sea to the foothills of the Himalaya 
and was eager to do business with peoples 
from Afghanistan to Iraq. And the Indus people 
worried enough about the privileges of their 
elite to build thick walls to protect them. “This idea that the Indus was 
dull and monolithic—that’s all nonsense,” says Louis Flam, an archae- 
ologist at the City University of New York who has worked in Pakistan. 
“There was a tremendous amount of variety.” 

This radical overhaul of the Indus image, which has gone largely 
unnoticed by the larger archaeology community, emerges from 
recent visits to key excavations in India and Pakistan, including pre- 
viously unknown sites here in the desert, and interviews with dozens 
of Indus scholars around the world, During the past decade, archae- 
ologists have uncovered entire Indus cities previously unknown, 

some with unique features such as major 

fortifications. New methods have 
spurred the first detailed analyses of 
everything from climate to settlement 
patterns to butchered animal bones. 
Growing interest in the role of the ancient 
economy in spreading goods and ideas has 
scholars tracing a vast trade network that 
reached to Mesopotamia itself, where at 
least one Indus interpreter went native. 
Even well-combed sites are still full of 
surprises: The city of Harappa may be 
1000 years older and Mohenjo Daro far 
larger than once thought. And the dramatic 


Faces from the past. These small figurines are rare “Buddhist stupa” adorning Mohenjo Daro’s 
examples of Indus human or deity statuary. 


high mound may in fact date back to the Indus 
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Ancient alleyways. The 5000-year-old massive brick structures of Mohenjo 
Daro, including the Great Bath (center), still rise from the plains of Pakistan. 


heyday around 2000 B.C.E. (see sidebar, p. 1280). “What has changed 
is the mass of evidence from the past 15 years,” says archaeologist Rita 
Wright of New York University (NYU), assistant director of the 
Harappa dig. “There is more data from landscapes and settlements, not 
just the cities.” 

But piecing together a cohesive new picture is hampered by the 
political discord between India and Pakistan. Many foreign archaeolo- 
gists steer clear of Pakistan because of political instability, while India’s 
government—scarred by colonialism—often discourages researchers 
from collaborating with European or American teams. A virtual Cold 
War between the two countries leaves scientists and sites on one side 
nearly inaccessible to the other (see p. 1282). And although Indus sites 
are finally receiving extensive attention, many unexcavated mounds 
face destruction from a lethal combination of expanding agriculture, 
intensive looting, and unregulated urban development (see p. 1284). 
The small coterie of archaeologists from Pakistan, India, America, 
Europe, and Japan who study the Indus admit that they also 
share some of the blame. Often slow to publish, this com- 
munity can be reluctant to work together and lacks the jour- 
nals and tradition of peer review common to colleagues 
who focus on other parts of the world, “We're at fault,” says 
one Indus researcher. “We should be pushing harder to pub- 
lish and collaborate.” 

Despite these challenges, the wave of fresh material is 
leading to a deeper understanding of a culture once consid- 
ered obscure and impenetrable. The new data paint a far 
more vibrant and complex picture of the Indus than the old 
view of a xenophobic and egalitarian society that lasted for 
only a few centuries before utterly vanishing, “We are 
rewiring the discussion,” says archaeologist Gregory Possehl 
of the University of Pennsylvania. Adds Wright: “The 
Indus is no longer just enigmatic—it can now be brought 
into the broader discussion of comparative civilizations.” 


The faceless place 
The very existence of the Indus wasn’t recognized until 
more than 100 years after digs began in Egypt and Mesopotamia, It 
was only in 1924 that archaeologists announced they had found two 
great cities from a previously unknown urban society that flourished 
at the same time as the Old Kingdom pyramids and the great ziggu- 
rats of Sumer. The cities, Mohenjo Daro and Harappa, thrived for 
nearly 1000 years along the floodplain of the Indus River, which like 
the Nile, Tigris, and Euphrates irrigates vast swaths of land that oth- 
erwise would be desert (see map, p. 1278). 
The discovery in what was then British India was stunning: 
Mohenjo Daro covered at least 200 square hectares and may have 
housed from 20,000 to 40,000 people. Harappa, 400 kilometers to the 
north, was only slightly smaller. Both were comparable in size to con- 
temporary cities such as Memphis on the Nile and Ur in today’s Iraq. 
Unlike Egyptian and Mesopotamian cities of the time, however, the 
Indus builders created well-ordered streets and homes with sophisti- 
« cated water and sewer systems unmatched until Roman times. The 
= Indus penchant for precise standardization—from tiny weights to 
g bricks to houses to entire cities—was unique in the early historic 

period. And at Mohenjo Daro, they used expensive baked brick rather 
z than the cheaper mud brick favored in the Middle East, thus leaving 
§ behind the only Bronze Age city on Earth where it is still possible to 
S stroll down ancient alleys shaded by intact walls. 


UNMASKING THE INDUS | NEWSFOCUS L 


Yet despite the impressive remains, there were bafflingly few clues 
to the political or religious systems behind the urban complexes, which 
seemed to lack the grandeur of Egypt and Mesopotamia. There are no 
remaining life-sized statues, extensive wall carvings, or elaborate 
building decorations. The Indus used a still-undeciphered script, but 
chiefly on small seals, and some scholars believe it was not a script at 
all (Science, 17 December 2004, p. 2026). Indus scribes did not leave 
the vast libraries of clay tablets or carved stone inscriptions that have 
yielded such insight into Mesopotamia and Egypt. Most burials 
include only a few modest goods, in contrast to the riches of Egyptian 
tombs. And archaeologists could find no obvious temples or palaces. 
The few monumental buildings—though given nicknames like “the 
Granary” and “the Monastery”—had functions still hotly debated. 

Unlike the many pharaohs, kings, architects, and merchants who 
show up in sculpture and texts in Egypt and Mesopotamia, few Indus 
individuals were recorded. Only a few small statues show individuals, 
such as seated men wearing tunics and a tiny, lithe dancer. The Indus “is 
something of a faceless sociocultural system,” says Possehl. 

This led some early and mid-20th century archaeologists to con- 


sider the Indus a nonhierarchical society. Others postulated rigid con- 
trol by a small elite. Given the lack of data to support either interpreta- 
tion, these ideas may have had more to do with socialist and totalitarian 
ideas popular at the time than with the ancient past. 

That first generation of archaeologists did agree that the Indus was 
an impressive but brief flash in the pan without deep roots. Because 
there was no evidence of previous settled life in the region, they sur- 
mised at the time that the Indus people absorbed urban ideas from 
Mesopotamia—2500 kilometers to the west—and rapidly created a 
quirky two-city state around 2600 B.C.E., which then vanished 
equally abruptly by 1800 B.C.E. The 1947 partition of India, creating 
the new nations of India and Pakistan, drew a line through the Indus 
heartland and left Indus archaeology largely an academic backwater 
for nearly a half-century. 


Round to square 

The assumption that the Indus did not spring from local culture began to 
unravel in the 1970s, when a French-led team excavated a Neolithic site 
called Mehrgarh dating to 7000 B.C.E. in the Baluchistan hills on the 
westem fringe of the Indus valley. The town included many of the trap- 
pings of later Indus life, from mud-brick houses and copper tools to 
wheat, barley, sheep, goats, and cattle. Although some plants may have 
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arrived from the Near East, goats and cattle 
‘were likely domesticated locally, and possibly 
sheep as well. A partially worked elephant msk 
demonstrates that craft specialists were already 
plying their trade, and lapis lazuli jewelry from 
‘Afghanistan and marine shells from the distant 
coast show long-distance trade networks. 

‘The site isnow widely accepted as a precur- 
sor to the Indus and clear proof of the indige- 
nous nature of the later civilization. That idea 
gets new support from surveys here inthe Thar 
Desert on the eastem edge ofthe niu valley. 
This area was long assumed to have been & 
largely uninhabited before the rise ofthe Indus jp 
cities. But hundreds of small sites now show 
that humans lived here on the plains, not just inthe Baluchistan hills, for 
several millennia prior to the rise of the Indus, says archaeologist Qasid 
Mallah of Shah Abdul Latif University in Khairpur. Taking a reporter on 
a tour across dunes covered in scrub, he pointed out huge piles of chert 
used to make blades by the Neolithic predecessors of the Indus. 

Still, the sudden appearance of fully formed urban areas remains 2 
puzzle. Indus cities appeared starting about 2600 B.C-E.—600 years 
after the first cities sprouted in Mesopotamia—and typically arose on 
virgin soil rather than atop earlier settlements. Some older towns date 
back about a millennium earlier, but most of these appear to have suf- 
fered catastrophic fires and were abandoned at the dawn of the new 
urban era. A site called Kot Diji a short drive from the Thar Desert 
shows the scars, says Mallah. The mound is an archaeological layer 
cake built up over centuries, with a dark layer of ash distinctly visible in 
a band several meters above the plain. 

‘Some scholars argue that these burn layers record conflict between 
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the earlier towns and new cities. But Mallah 
and many of his colleagues say there is not 
enough evidence to make that leap. Whoever 
constructed the cities did make distinct 
changes, creating new pottery styles and intro- 
ducing metal forms such as razors and fish- 
hooks. But they also drew on the long cultural 
history of the region and don’t appear to be 
outside invaders, says Mallah 

In fact, new evidence suggests that not all 
the major cities were built from scratch. At 
an ongoing dig at Harappa, led by Richard 
Meadow of Harvard University and Jonathan 
Kenoyer of the University of Wisconsin, 
Madison, the team has found evidence of 
occupation dating to as early as 3700 B.C_E. By 3300 B.CE., 
Harappa was a modest village of 10 square hectares but with streets 
running in a gridlike pattern and bricks of two standard sizes—clear 
foreshadowing of orderly Indus construction. “And they were trading 
lapis, shells from the coast, copper, and carnelian across a vast area,” 
says Kenoyer. One of his graduate students, Randall Law, just pub- 
lished a dissertation pinpointing for the first time the far-flung originof 
the many varieties of stone used by Indus artisans, 

Ata site called Farmana in the intensely farmed region west of 
Delhi, across the Pakistan border from Harappa, this evolution from a 
village of huts to sophisticated urban architecture is remarkably visible. 
At this previously unexcavated site, Vasant Shinde of Deccan College 
in Pune and his team have uncovered remains of an oval-shaped hut 
dating to about 3500 BCE, a pit dwelling made with wattle and daub 
and plastered walls, of a type seen today in the region. A few meters 
away is a level from 1000 years later where the houses have morphed 


THE INDUS REALM 


EAST OF EDEN. Spraveling between 
the Himalaya Mountains and the 
Arabian Sea, the Indus civilization 
covered a larger area than Egypt or 
‘Mesopotamia (inset) and boasted at 
least a half-dozen large cities and 
‘many smaller towns and villages. 
‘Trading posts stretched from northern 
Afghanistan to Oman, and goods 
traveled over both land and sea routes. 
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into a rectangular shape and resemble those of the later Indus, except 
for postholes on the periphery that may have held up a roof. A few 
‘meters and 2 centuries from that trench is classic urban Indus: the clear 
outline of a large house with more than a dozen rooms, including a 
plastered bathroom, and a 20-meter-long wall fronting a long street 
nearly 4 meters wide. “You can see how beautifully this was planned.” 
Shinde says, pointing at the fine brickwork and straight lines. “There 
are no postholes, and the bricks are of the same ratio as at Harappa.” 
‘Thus from both sides of the border, the newest evidence not only under- 
scores the local origins of the Indus, it also reveals in situ evolution. 
‘Says Mallah, “We believe that urbanization was a gradual process.” 


Gated communities 
For the first half-century after its discovery, the Indus was virtually 
synonymous with Mohenjo Daro and Harappa. No other major cities 
‘were known. But along with 1000 
smaller sites, archaeologists now 
count at least five major urban 
areas and a handful of others of 
substantial size. These sites, 
reveal new facets of Indus life, 
including signs of hierarchy and 
regional differences that suggest 
a society that was anything but 
dull and regimented. 
Take Dholavira, $00 kilome- 
ters south of Harappa in the 
Indian state of Gujarat. Covering 
60 square hectares, it thrived for 
nearly 1000 years with perhaps 
seasonal access to the Arabian 
Sea, Evidence from excavations 
during the 1990s reveals a city 
that apparently included differ- 
ent classes of society. “Here you 
have meticulous planning, mon- 
‘umental and aesthetic architec 
Z ture, a large stadium, and an 
eae 
§ tem,” says R. S. Bisht, the 
£ Archaeological Survey of India 
scientist who oversaw the digs. 
‘Although still largely unpublished, archaeologists around the world 
say Bisht’s finds are truly extraordinary. 

In Dholavira’s central citadel is an enormous structure—which 
2 Bisht dubs “the castle"—with walls that arean astounding 18.5 meters 
2 wide at their base. Next tot is an enclosed area Bisht calls “the bai- 
§ ley” that may have housed an elite. “This shows that Harappan 

[Indus] society was highly structured” says Bisht. “There was a hier- 
archy”” Nearby is a huge mud-brick platform adorned with rare pink- 
and-white clay decoration and what Bisht believes was a multi- 
purpose stadium ground stretching nearly the length of three foot- 
ball fields and including terraces to seat thousands of people. No 
structures of similar size are found at other Indus cities. And though 
the acropolis of an Indus city is usually walled, Dholavira’s acropo- 
lis, middle town, lower town, and a series of water tanks are sur- 
rounded by an enormous wall measuring nearly 800 meters on one 
side and more than 600 meters on the other. 

The finds at Dholavira are part of a growing body of data that lay to 
rest the idea of an egalitarian or a totalitarian society. For example, 
although most Indus graves are modest, at Kalibangan in India the 


Water works. This drain from Harappa is part of a sophisticated water system 
‘that set the Indus apart from its Mesopotamian and Eoyotian cousins. 


remains of an elderly man lie in a mud-brick chamber beside 70 pot- 
tery vessels. At Harappa, another elderly man shares his tomb with 
340 steatite beads plus three beads of gold, one of onyx, one of banded 
“Jasper, and one of turquoise. Another high-status Harappan went to rest 
{nan elegant coffin made of elm and cedar from the distant Himalayas 
and rosewood from central India. 

Urban house sizes also vary much more dramatically than early 
excavators thought, says Wright, who works on the Harappa team. 
Then, as now, location was a matter of status: She notes that whereas 
‘some larger dwellings have private wells and are next o covered drains, 
more modest houses face open drains and cesspools. 

Like elites everywhere, high-status Indus people were able to acquire 
high-quality goods from master craftsmen to denote their wealth. They 
owned finely crafted beads made in.a wide variety of stone, glazed pot- 
tery called faience, and ornamentation in gold silver, copper, lead, tin, 
and electrum (a gold and silver 
alloy). For those with less means, 
beaded necklaces of cheap terra 
cotta imitated those of semi- 
precious stone. Anthropologist 
Heather Miller ofthe University of 
Toronto in Canada and Massimo 
Vidale, a visiting professor at the 
University of Bologna in Italy, 
concluded in a 2001 paper that the 
Indus were capable of “technolog- 
ical virtuosity.” A recent find at 
Harappa tentatively dated to 1700 
B.CE. may prove tobe the world’s 
oldest glass, says Kenoyer. 

Such goods are found across 
the region, including at newly dis- 
covered cities. For example, 
recent excavations at Rakhigarhi, 
340 kilometers southeast of 
‘Harappa in rural India, turned up a 
bronze vessel decorated in gold 
and silver along with a foundry 
containing thousands of semi- 
precious stones, demonstrating, 
extensive craft production and 
bolstering the notion of an elite. At 
another new site called Ganweriwala, deep in the desert region south of 
Harappa, preliminary fieldwork by Farzand Masih of Punjab Univer- 
sity in Pakistan has yielded finely made shell bangles and a variety of 
agate, terra cotta, and steatite beads. 

‘Yet despite the trappings of wealth for some, there is little evidence 
of the vast divide that separated pharaoh from field hand in Egypt 
“This was an enormously innovative civilization,” says Michael Jansen 
of RWTH Aachen University in Germany. “Rather than spend their 
time on monuments as in Egypt, they built practical things that bene- 
fited the inhabitants.” 

‘The newly discovered cities also reveala surprisingly diverse urban 
life. Rakhigarhi contains the usual Indus amenities—paved streets, 
brick-lined drains, orderly planning—that are conspicuously lacking in 
the current town that covers the highest mound, But instead of follow- 
ing a grid, the ancient streets radiate from the city’s east gate. As at 
Harappa, there is evidence of settlement centuries before the urban 
explosion rather than the clean-slate approach typical of other Indus 
cities. Dholavira has its own peculiarities, including large amounts of 
dressed stone from a local quarry in addition to the standard baked or 
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IMOHEN]O DARO, PAKISTAN— 
On the highest mound here rises 
a ruined dome—the most dra~ 
matic structure in the center of 
the largest Indus city, set in a 
‘courtyard once surrounded by 
buildings. But since the 1920s, 
archaeologists have considered 
the dome to bea much later 
Buddhist stupa ringed by cells of 
monks, built using Indus bricks 
2 millennia after the city’s 
demise. Now, University of 
Naples archaeologist Giovanni 
Verardi says that this magnificent 
structure may actually be a mon- 
lument from Indus times. f he’s 
right, it will force Indus scholars 
to rethink the religious and polt- 
ical nature of the civilization, 
long thought to lack grand tem- 
ples and palaces (see main text. 
The original excavators 
assumed the dome was Buddhist 
in large part because buried coins 
dating to the Kushan Empire of 
the 2nd and 3rd century CE. were 
found at the site, They did note 
that the stupa was not aligned in 
typical fashion, that the plinth 
was of unusual height, and that 
certain pottery shards predated 
the Kushan. Verari, who carefully 
‘examined both the site and the 
‘original archaeological reports, 
argues that the coins likely were 
buried tater and therefore are of 
little value in dating the struc- 


‘tures. Based on preliminary exca- 
vation of the mound, he even the- 
orizes that the original structure 
may have been a series of plat- 
forms, perhaps similar to the Ur 
iggurat in Mesopotamia buitt 
around 2100 B.C, near the 
height of Indus urban life, Such 
platforms were common from 
‘Mesopotamia to Turkmenistan 
during that era, but none have 
been clearly identified in the 
Indus region. 

‘Other scholars are wary of 
the ziggurat idea but agree that 
the evidence supporting a stupa 
is slim. “I'm quite sure Verardi 
is right,” says Michael Jansen of 
RWTH Aachen University in Ger- 
many, who has worked here for 
years. “We did a very careful 
survey ofthe area around the 
citadel and found not a single 
Kushan shard.” Jansen also 
notes that Buddhist monks’ cells 
of that period are not usually 
arranged around a stupa. 
“What's needed now is careful 
restudy,” says Jansen, who 
hopes to excavate at the site. 
After 2 decades, restoration 
work has at last stabilized the 
‘crumbling brick, and officials 
plan ta reopen excavations (see 
p. 1284). “If itis indeed 
Lindus], then this will turn our 
interpretations upside down.” 

“AL 


rind brick. A 10-symbol signboard was posted on the gate leading into 
the citadel, an unusual use of a script typically found only on small 
seals or pots. Grave rites also seem diverse. AtMohenjo Daro, there is 
no evidence for formal burials at all. AtDholavira, Bisht found a set of 
tomblike chambers containing an unusual variety of grave goods such 
as beads and pots but no traces of skeletons; he speculates thatthe bod- 
ies may have been cremated. 

How the Indus people viewed life after death remains elusive, And 
the lack of temples adds to the difficulties in understanding their over- 
all religious beliefs. A rare clue to religious practice may have emerged. 
from now-barren Ganweriwala, which once bloomed thanks to the 
ancient Ghaggar-Hakra River. In his preliminary work there last year, 
‘Masih found a seal with the Figure of a person or god in a yogalike pose 
‘and an apparent devotee below; on the reverse side is Indus script. The 
seal is similar to others found at Mohenjo Daro and dubbed “proto- 
Shiva” by some for its similarity to the Hindu deity. The seal has fueled 
speculation thatthe religious traditions of the Indus lived on beyond the 
urban collapse of 1800 B.C.E. and helped lay the basis for Hinduism 
(ee p. 1281). Homed figures on variety of artifacts may depict gods, 
as they often do in Mesopotamia. 

‘The frustrating lack of evidence has fueled other theories that 
remain tenuous. Jansen and Possehl suggest that the Indus obsession 
with baths, wells, and drains reveals a religious ideology based on the 
use of water, although other scholars are skeptical. 


Masters of trade 

While evidence accumulates from Indus cities, other insights are com- 
ing from beyond the region, as artifacts from Central Asia, Iraq, and 
‘Afghanistan show the long arm of Indus trade networks. Small and 
transportable Indus goods such as, 

beadsand pottery found their way 

across the Iranian plateau or by 

sea to Oman and Mesopotamia, 

and Indus seals show up in Cen- 

tral Asia as well as southem Iraq. 

An Indus trading center at Short- 

ugai in northern Afghanistan fun- 

neled lapis to the homeland. And 

there is strong evidence for trade 

and cultural links between the 

Indus and cities in today’s Iran as 

well as Mesopotamia. Holding a pose? This rare seal may 

‘Textual analysis of cuneiform hint at the ancient origins of yoga and 
tablets coupled with recent exca- the Hindu god Shiva 
vations along the Persian Gulf 
also show that Indus merchants routinely plied the Arabian Sea and 
Persian Gulf, likely in reed boats with cotton sails. “They were major 
participants in commercial trade.” says Bisht, who sees Dholavira and 
other sites along the coast as trading centers thanks to monsoon winds 
that allowed sailors to cross $00 kilometers of open waters speedily. 
“These people were aggressive traders, there is no doubt about it” adds 
Possehl, who has found Indus-style pottery made from Gujarat clay at 
a dig in Oman. Archaeologist Nilofer Shaikh, vice chancellor of Latif 
University, takes that assertion a step further, arguing that “the Indus 
people were controlling the trade. They controlled the quarries, the 
trade routes, and they knew where the markets were.” 

She points out that although Indus artifacts spread far and wide, 
‘only 2 small number of Mesopotamian artifacts have been found at 
Indus sites. Evidence suggests that same Indus merchants and diplo- 
mats lived abroad, although the trade was certainly two-way. An 
inscription from the late 3rd millennium B.C-E. refers to one Shu- 
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ilishu, an interpreter from Meluhha, reports NYU's Wright in a forth- 
coming book. What may be Shu-ilishu and his wife are featured on a 
seal wearing Mesopotamian dress. There is some evidence fora village 
of Indus merchants between 21 14 and 2004 B.C_E. in southem Iraq. 
‘And “a man from Meluhha” knocked out someone's tooth during an 
altercation and was made to pay a fine, according to a cuneiform text, 
hinting ata life that was neither faceless nor boring. 

Indus archaeologists still confront fundamental research questions, 
including how a far-flung array of cities adopted standardized meas- 
ures. There is litle or no data on how the Indus people governed them- 
selves, what language they spoke, and whether they engaged in war. 
‘Some researchers envision a collection of city states, while others 
imagine regional powers that jockeyed for influence but generally 
cooperated. What is clear is that the organization differed from the 
pharsonic ways of Egypt and the rival kingdoms of Mesopotamia. “We 
don’t need to use the models from the Near Fast,” says Kenoyer. “What 


‘was once seen as a monolithic state was actually a highly diverse set of 
multiple centers of power that negotiated across a large landscape” 
With barely one-tenth of the 1000-plus known Indus sites exam- 
ined, archaeologists say the next frontier is the smaller sites that could 
reveal more about day-to-day life. That could fill in the gaps about how 
the Indus people worshipped, traded, and governed themselves. “There 
are thousands of villages,” says Shinde during hunch break at the Far- 
mana dig. “And it is our fault that we only go to the big sites.” 
Researchers are also bringing the latest archaeological tools to bear on 
Indus artifacts, closely examining the origins of stone used in bead- 
‘work, the prevalence of certain animals and plants, and even the meth- 
ods used in butchering. Archaeologists also recognize an urgent need to 
chart climate change throughout the region during the Indus era. “It’s a 
great tragedy.” says Bisht “It is a book waiting to be read.” Whatever 
archaeologists uncover in coming years, the revised story of the Indus 
civilization is sure not to be a dull read. “ANDREW LAWLER 


Indus Collapse: The End or the 
Beginning of an Asian Culture? 


The puzzling downfall of an ancient civilization more than 3 millennia ago sparks 


debate today in both scientific and political circles 


While Egypt was in chaos and the Akkadian Empire in Mesopotamia 
collapsed in the 22nd century B.C-E., the marketplaces of Mohenjo 
‘Daro in today’s Pakistan were booming. Carts pulled by water buf- 
falo jauntily decorated in henna carried luxury goods along the city’s 
wide, paved streets. Artisans worked lapis lazuli from distant 
Afghanistan into beads and shaped local steatite into delicately 
carved seals. Citizens drew water from one of the city’s 700 wells or 
relaxed under the colonnades around a large brick-and-tar lined bath 
in the center of town. 

‘Yet 2 centuries later, the carefully planned metropolis was aban- 
doned, and the number of settlements on its outskirts dwindled 
from 86 to a mere half-dozen. The cultures of Egypt and 
Mesopotamia recovered in time, but not so the Indus. Mohenjo 
Daro and other great cities were never rebuilt, a set of sophisticated 
symbols was forgotten, and vibrant urban life vanished from the 
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THE RISE AND FALL OF THE FIRST URBAN CIVILIZATIONS 


Indian subcontinent until much later. 

This anomaly is the most puzzling and con- 
‘troversial issue surrounding the Indus civiliza- 
tion, which thrived from 2690 B.C.E. until 
1900 B.C.E. (see timeline). Droughts, floods, 
tectonic shifts, ideological turmoil, and f 
invasions have all been invoked to explain 
a spectacular collapse that Jong appeared both 
sudden and total. But new research suggests that the end may not have 
been as dramatic or complete as scholars long assumed, Some cities 
lingered for up to 500 years after others were deserted, and the next 
‘wave of urbanism arose far earlier than once thought. 

‘The rise of Hindu nationalism in today’s India has thrust this schol- 
arly debate into the political spotlight. Hindu nationalists’ push to see 
the roots of their religion in the 5000-year-old Indus civilization creates 
yet another barrier between Indian archaeologists and their mostly 
Muslim counterparts in Pakistan (see sidebar, p. 1282). “There is no 
place in the world where the people and culture of the 3rd millennium 
B.CE_are more important,” says archaeologist Gregory Possehl of the 
University of Pennsylvania. 

‘Archaeologists have theorized about the end of the Indus for 
decades. In the 1940s, excavator Mortimer Wheeler suggested 
that Aryan tribes who swept in from the northwest triggered the 
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downfall. These Aryans were long thought to have brought Vedic 
culture—considered the root of Hindu tradition—to India at the 
expense of the Indus people. “Indra stands accused.” Wheeler famously 
‘wrote, referring to the chief Aryan deity. But there is no archaeological 
evidence for an invasion during this period. Many scholars agree that 
people did migrate into the region from north and east but not until after 
the decline of the Indus. 

More recently, some researchers have proposed that climate indi- 
rectly affected the Indus. They postulate that the drought-related col- 
lapse of Egypt and Mesopotamia and the loss of those markets at the 
turn of the 2nd millennium B.C.E. led to an economic crisis that 
upended the Indus system a century or two later. Mentions 
of Meluhha, presumed to refer to the Indus, vanish from 
Mesopotamian texts about 2000 B.C.E., says Harvard 
University Assyriologist Piotr Steinkeller. 

Climate may have hit the Indus directly as well. 
According toa 2003 paper, cores drilled from the Arabian 
Sea indicate that during the 22nd century B.CE., the 
Indus River and its tributaries discharged significantly 
less water, a sign of drought. By 2000 B.C.E., people 
near Harappa in today’s Pakistan were trying to cope with a drying 
climate by planting different crops, according to recent research led by 
Rita Wright of New York University (Science, 18 May 2007, p. 978). 
“People were making adjustments; there was a change in their way of 
life,” Wright says, although she cautions against making sweeping 
claims because her data are from only one region. 

Although Wright and others argue that climate and society are 
deeply intertwined, Possehl scofts at the idea that drought explains the 
collapse. “We should stop thinking about the physical world and start 
ooking atthe fabric of society.” he suggests. He believes that the end of 
the Indus was primarily a matter of ideology, like the collapse of the 
Soviet Union. Possehl and Michael Jansen of RWTH Aachen Univer- 
sity in Germany note that the Great Bath at the center of Mohenjo Daro 
‘was abandoned a century or two before the city, suggesting change in a 
society that they say emphasized water-related rituals, 

In the end, Wright, Possehl, and other scholars acknowledge that 
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FARMANA, INDIA—Vasant 
Shinde and Farzand Masih work a 
mere 200 kilometers apart, each 
perhaps an hour or so from the 
border between India and Pak- 
istan. But neither archaeologist 
can visit the site of the other. “I'm 
‘excavating at Farmana,” says 
Shinde of Deccan College in Pune, 
India. “On the other side is Gan- 
weriwala—but | can’t know what's 
‘going on there or talk to the 
archaeology team.” Masih of Pun- 
jab University in Lahore, Pakistan, 
leads that team and says he’s 
‘eager for international collabora- 
tion, but for now including Indians 
beyond his power. Norcan he 

it Shinde’s site 

That's because the fault line 


Spinning wheel. Modern carts in today’s Pakistan 
resemble toy carts (inset) crafted by Harappans 
thousands of years ago. 


they can’t be sure what caused the Indus 
decline. “There are a lot of theories but little evidence,” complains 
Harvard archaeologist Richard Meadow, who co-directs current 
excavations at Harsppa. 

But the collapse was likely as varied as the civilization itself. 
‘Mohenjo Daro and the region of Cholistan, between that city and 
Harappa, declined dramatically after 1900 B.C.E. However, 
while rural settlements near Harappa contracted from 18 to four 
at this time, life in the city surprisingly continued for at least 
another 300 years, says archaeologist Jonathan Kenoyer of the 
University of Wisconsin, Madison, co-director of the Harappa dig. 
And to the northeast, in today’s India, the number of sites increased 
rapidly from 218 to $53 after 1900 B.C.E., according to data from 
surveys gathered by Possehl 

In Gujarat in southwestern India, urban life and even trade with 
the Arabian side of the Persian Gulf appears to have continued well 


MODERN BORDERS SPLIT THE INDUS 


resulting from the bitter partition 
of British India in 1947 runs 
through the middle of what was 
once the Indus civilization, one of 
the world’s first great urban soci- 
eties from 2600 B.CE. to its puz- 
2ting collapse in about 1800 B.C.E. 
(see main text). Back then, Indus 
merchants may have traveled 
freely over the region’s plains 
and hills. But today the Indus’s 
1 million square kilometers are 
split between Pakistan and west- 
ern India (see map, p. 1278). The 
Cities of Mohenjo Daro, Harappa, 
and Ganweriwala are in Pakistan, 
‘while Dholavira, Rakhigarhi, and 
Farmana lie just across the bor- 
der in India. Hundreds of other 
settlements are spread across 


the Indus plain in one nation or 
the other 

Each country has fought seri- 
ous skirmishes in the Himalaya, 
built nuctear weapons with their 
adversary in mind, and laid claim 
to the Indian state of Kashmir, The 
politics make it difficult if not 
‘impossible for archaeologists from 
one side to roam the countryside 
of the other. “Secret police would 
follow us every step—if we could 
geta visa,” says one South Asian 
archaeologist 

‘Scientists on both sides say 
that a host of research topics 
would make more sense if done 
collaboratively. For example, 
understanding the complex geo- 
morphology of the Indus and its 
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into the 2nd millennium B.C, although exactly how long is a 
matter of dispute. At the site of Pirak in eastern Baluchistan in 
today’s Pakistan, a small town appears to have thrived continuously 
from 1800 B.C.E. toas late as the arrival of Alexander the Great in 
India in 325 B.C.E., says Meadow. Later settlements, however, lack 
the sophisticated urban planning of even smaller sites from the 
mature Indus phase. 

The persistence of settlements raises the question of how much 
of the Indus culture survived the urban decline. For 
decades, most archaeologists assumed that the 
Indus’s abrupt end and long hiatus in urban life 
meant that few if any of its traditions survived. But 
now it appears that the Indus collapse drove people 
to the east, into the watershed of the Ganges, which 
spreads as far as the Bay of Bengal. Excavations 
along the Gangetic plain show that cities began to 
arise there starting about 1200 B.C.E., just a few 
centuries after Harappa was deserted and much ear- 
lier than once suspected. That means that some con- 
tinuity between the first and second wave of Indian 
civilization is conceivable, says Possehl. 

‘There is no doubt that the hallmarks of the Indus 
disappeared with its cities, including its unique set 
of specific symbols, sophisticated standardization 
of weights and bricks, and rectilinear urban plan. 
ning. Later urban areas along the Ganges are rad 
cally different in layout; the new writing system that 
eventually emerged is unrelated to Indus symbols; 
and standandization is missing. 

But archaeologists such as Possehl see deeper connections. 
“There is continuity.” he says. A handful of Indus seals showing a 
deity with three faces ina yogic-style posture may link today’s 
‘Hindu god Shiva and yoga practices with the Indus civilization. 
And a variety of technologies and traditions, such as tandoori 
ovens, oxcarts pulled by water buffalo, and cattle marked with 
henna are a regular part of village life around Mohenjo Daro even 


(Climate chronicler. Rita Wright 
tracks the Indus response to 
‘drought around Harappa. 


today. Traces of all these scenes can be found at Indus archaeolog- 
ical sites and imprinted upon seals. 

Did the Indus directly seed what eventually grew into the second 
‘wave of Indian civilization? That is a hot political as well as scholarly 
topic. “This plays a significant role in today’s India,” says Possehl. The 
Bharatiya Janata Party (BJP), which ruled India from 1998 to 2004, 
declared the Indus to be the progenitor of Hindu civilization, a contro- 
versial claim in a country with a large Muslim population. While in 
power, BJP pumped additional funding into Indus- 
related digs, and its influence over archaeological mat- 
ters remains strong. Last fall, the Archaeological Sur- 
‘vey of India (ASD was harshly criticized in Parliament 
for asserting in a report that the underwater ridge con- 
necting India and Sri Lanka was natural rather than the 
remains of a bridge built by the traditional hero Rama. 
‘Under pressure, ASI suspended two senior employees 
involved in the report. In May, members of India’s 
‘Supreme Court expressed sympathy for a lower court 
decision ordering ASI to investigate the formation. 

‘Some Indian scholars argue that early Hindu texts 
can be used as guides, much as the Bible has been used 
in Near Eastem archaeology. Respected ASI archaeolo- 
gist. S. Bisht, who excavated Dholavira and can quote 
ong passages from Hindu scripture, suggests that the 
Indus people were one and the same as the Aryans 
‘whom Wheeler saw as invaders. That theory finds little 
purchase with foreign scholars. And one Western 
archaeologist complains that such talk makes for a 
volatile mix of science and religion that is “needlessly inflammatory to 
our Pakistani colleagues.” 

The intense emotion surrounding the debate is exacerbated by 
the many questions that remain about the Indus’s decline. “There is 
no silver bullet; there were clearly multiple factors,” says Meadow. 
“And we still don’t know what was the trigger.” But, he says, rec- 
ognizing that complexity is itself a big step forward. 

ANDREW LAWLER 
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tributaries can’t be done without 
‘cross-border studies. Comprehen- 
sive analyses of ancient climate 
require regional sampling. And 
because the research communities 
are 50 divided, discoveries in one 
country may go unnoticed in the 
other; archaeologists say they have 
little knowledge of what takes 
place across the border. Given the 
lack of published papers and per- 
sonal connections, even digital 
and virtual collaboration is rare. 
Foreigners can make the trip 
between the two countries with ret 
ative ease, and a few European, 
Japanese, and American 
researchers frequently work on both 
sides. But archaeologists from India 


“We need to be able to put together 
all the pieces,” says Qasid Mallah, a 
professor at Shah Abdul Latif Uni- 
versity in Khairpur, Pakistan. “That 
includes the Indian portion too.” 
‘Adds Shinde: “It would be more 
beneficial if we could all work in 
both india and Pakistan, particu- 
larly for the students.” 

Politicians and administrators 
in both countries have shown litle 
interest in using archaeology as 3 
tool for détente. The director gen- 
eral of the Archaeological Survey 
of India, Anshu Vaish, says her 
‘organization has no plans to push 
for more cooperation. And the 


ity, Shinde helped create the Soci- 
ety of South Asian Archaeologists 
in 2005. Most Indian and Pakistani 
archaeologists couldn't afford to 
90 to international conferences, so 
he proposed 2 new organization— 
registered under the Indian gov- 
ernment but classed as a private 
‘group—to hold meetings closer to 
home. For the first conference in 
‘Mumbai in 2006, a few Pakistanis 
secured visas, although others did 
not. The second meeting was held 
25 to 27 May in Shiraz, ran, on 
neutral ground, and the next gath- 
ering isto be held in Sri Lanka in 
2010. Shinde says that despite 
growing pains, the group now has 
400 members from six countries. In 


Vasant Shinde, 
excavator at 
Farmana, India. 
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and Pakistan have only rare and make dramatic the meantime, he and Masih will go 
fleeting opportunities to meet, such that side unlikely. about their respective business, so 
as at international conferences. ‘To circumvent the political real- close, and yet so far. WAL. 
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rying to Make Way for the Old 


Archaeologists battle looters and sometimes locals in both Pakistan and India as 
they seek to excavate before modern development swallows Indus cities 


SUKKUR, PAKISTAN—It’ dusk in a grim industrial area on the out- 
skirts of this southem Pakistani city, and archaeologist Qasid Mallah of 
Shah Abdul Latif University in Khairpur stands in a vacant lot, full of 
angerand dismay. “This is the murder of heritage,” he says bitterly, ges- 
turing at the metal rebar sprouting from recently dug trenches. “In spite 
of all our efforts, this will be gone.” Just a few months ago, the con 
struction site was a barren field containing some of the last remains of 
a 5000-year-old city known as Lakhanjo Daro. Now, even this last 
patch is threatened by development; the work is a harbinger of yet 
another factory. 

Destroying ancient sites to make way for the new is old business 
here. In the 1860s, before the Indus city of Harappa was even exca- 
vated, British engineers seized thousands of baked bricks to build arai 
way bed and passenger stations. Only later did archaeologists recog- 
nize the site as one of the premier metropolises of an ancient civiliza- 
tion. But the threat to what remains of the Indus comes not just from 
development. Rakhigarhi, a recently excavated site in westem India, 
supports a lively trade in looted antiquities. And at Mohenjo Daro in 
Pakistan, where scientists have recently managed to stop water-related 
destruction, thieves brazenly raided the site museum in 2002. Such var- 
ied dangers threaten the heritage of both countries and pose 
yet another challenge for Pakistan's struggling archaeolog- 
ical community (see sidebar, p. 1285) 

Despite its large size, Lakhanjo Daro wasn't even rec- 
ognized as an Indus site until the 1980s, when local stu- 
dents brought material to Latif in nearby Khairpur. The 
Indus River squeezes through the stony Rohri Hills here, 
making the location a strategic center. The area around 
Lakhanjo Daro was set aside for industrial development 
in the 1980s, when the population surged above 500,000; 
itis now at L.8 million. 

‘When government officials moved to protect the area, 
local developers used political connections and lawsuits to 
oppose the move. So Latif archaeologist and current Vice 
Chancellor Nilofer Shaikh compromised by setting aside 
specific vacant lots. “I had to demark some limits, or we 
‘would not have gotten anything,” Shaikh says. A Latif 
team, including Shaikh and Mallah, spent four seasons 
from 1994 to 2006 probing five mounds as factories sprang 
up around them, uncovering shell bangles, terra cotta ani- 


Hidden treasure. Wazir Chand Saroze, 
with Indus figurine, says ooting contin 
ues at Rachigarhi. 


Rescue squad. A Latif University team digs at 
Lavhanjo Dara, a site now largely destroyed. 


mal figurines, and a rare copper spearhead 
along with the rectilinear architecture and pot- 
tery typical of an Indus site. Now construction 
is encroaching on even those remaining lots. 

‘The researchers have only hints of what is 
being lost to development. Climbing through 
thomy brush in a nearby ravine, Mallah points 
his flashlight at a dressed limestone block- 
unusual feature for an Indus site—alongside 
Indus-style bricks, “This city could have been 1 
square kilometer insize, oreven larger.” he says. 
“But itis going fast.” He says further excavation 
isunlikely, given how disturbed the area is now. 

Fifty kilometers to the southwest, the 
largest of Indus cities, Mohenjo Daro, con- 
fronts a different set of problems. In 1980, the 
year it was named a World Heritage Site, a 
United Nations report warned thatthe city was 
“in danger of total destruction” due to rising water levels, UNESCO 
began a massive project to divert the Indus River and drain water from. 
the site, involving more than 50 costly water pumps and later a series of 
canals. But high soil moisture continued to draw out salts that ate away 
at the brick foundations. Officials spent years arguing over what to do. 
Inthe meantime, new digs at the site—less than 10% of which has been 
excavated—were banned. 

‘Researchers eventually discovered that the soil moisture was due pri- 
marily tocold, humid air during the winter. The pumps were turned offin 
2003, and workers put a thin layer of clay over the original bricks. Now 
‘when salt crystallizes in the heavy dews of winter, it eats away this layer 
instead. “I'm extremely happy: the site is very stable,” says Michael 
Jansen, a member of the UNESCO team and an archaeologist at RWTH 
‘Aachen University in Germany, who visited the site in March. “Its the 
first time in 20 years that there's not a newly endangered wall.” Pakistan’, 
director general for archaeology, Fazal Dad Kakar, says he intends to lift 
the ban on excavations now that the crisis is over. 

But expanding villages pose a new threat. While diverting water 
from the site in the late 1980s, workers uncovered evidence of Indus- 
era buildings 1.5 kilometers from the city center. And throughout the 
area, workers digging wells have found Indus- 
cera bricks, suggesting a city potentially twice 
as large as the 150 hectares long estimated. 
“Mohenjo Daro is far larger than we antici- 
pated” says Jansen. “If the city is 300 hectares 
in size, it is enormous, comparable to Ur” at 
the same period in Mesopotamia. Archaeolo- 
gists from UNESCO, Pakistan, and other 
‘countries hope to begin a series of test drills to 
determine the city’s extent, but the project has 
been hampered by lack of funding and 
repeated bureaucratic delays, 

‘The site faces an even more complex chal- 
Jenge from lawlessness. In 2002, thieves were 
bold enough to steal 40 seals and copper 
tablets from the Mohenjo Daro museum, 
‘where a sign now warns that “Weapons are not 
allowed in the museum.” A curator says the site 
is not fenced and admits that there is “some 
Jooting.” Although a relatively peaceful area, 
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PAKISTANI ARCHAEOLOGY FACES ISSUES OLD AND NEW 


KHAIRPUR, PAKISTAN—Ghulam opportunity to understand the 
‘Mohiuddin Veesar doesn’t have to Indus hinterland. What's needed, 
commute to find remains of the Atallah says, are massive surveys, 
past. Justa short walk beyond his and pinpointed excavations, as well 
muid-brck village in southeastern as a way to protect sites from 
Pakistan rises a small mound cov- development and looting (see main 
‘ered with stone tools, pottery text. Given the size of the area and 
shards, and the occasional shell its harsh terrain, “it's really a huge 
bead fashionable during the glory task,” Mallah says. With support 
days of the Indus civilization. A47- from their vice chancellor Nilofer 
year-old archaeologist at nearby Shaikh, herself an Indus archaeolo- 
‘Shah Abdul Latif University, the gist, they have begun the job and 
‘quiet and wiry Veesar has led Pak- hope to lure foreign archaeologists 
istani and ttalian colleaguesto _—_to assist. “Tell people to come and 
hundreds of ancientsites here on research,” Mallah says. “Everyone 
the edge of the rugged Thar is welcome.” 

Desert, without needing global The optimism and enthusiasm 
positioning systems, survey maps, at Latif, a growing rural university 


‘or other tools. Tis is home turf, As 
a teenager, he rode his motorcycle 
tup and down these sand dunes, 
‘The finds are opening a new 
window on the Indus civilization, 
showing that this remote region 
‘was settled for thousands of years. 
Veesar’s Latif colleague and friend 
‘QasidMallah argues that the enor- 
mous variety of sites offers rich 


Nomad’s land. Ghulam Veesar 
ight) consults witha local shepheré 
in the Thar Desert, 


local officials say bandits and the occasional terrorist make roads 
unsafe after nightfall 

‘At Harappa, nearly 600 kilometers to the north, the problems are 
more prosaic but just as challenging. Local villagers own half the 
land area of the sprawling ancient city and are loath to be bought ont 
by the government. They have begun to turn part of the land into 2 
cemetery, and a mosque built 5 centuries ago with Indus brick sits 
ona prominent spur of the ancient city. Those areas will remain off- 
limits to archaeologists. “When it comes to religion, people get emo- 
tional,” says Aasim Dogar, who directs the site. Passing by the 
mosque, an old man shouts an epithet at Dogar, who grumbles in 
reply—a sign of the contentious relationship between officials and 
locals. But Dogar is optimistic the deal will be closed soon, allowing 
a fence to be put in place to protect the mounds. 

‘Across the border in India, villagers are similarly resentful of 
archaeologists. Half of the large Indus city of Rakhigarhi is in the hands 
of private owners, and the town covers several of the largest mounds. 
Excavations by the Archaeological Survey of India (ASD) began in 
1997 but ground to a halt in 2000, partly because of disputes with 
inhabitants. “The villagers are afraid that the government will grab 
their land” says Tejas Gange, who worked as a graduate student for AST 
excavatingat the site. He recalls village women throwing stones at him: 
“Ttwas horrible. At one point, a dozen villagers came with sticks and 
ordered us to stop.” The team eventually abandoned their effort. Fences 


‘new problems, “We get peanuts for 
excavations, we're losing all our 


that is 2 decades old, is one of a experienced archaeologists, and the 


few bright spots for archaeology new generation is not getting 
in Pakistan. The University of the trained,” frets Javaid. Most recently, 
Punjab in Lahore, the country’s Pakistan's provinces have been 
largest, recently organized its first pressuring the federal government 
archaeology department, anda _in Islamabad to abolish national 
scattering of other universities control over archaeological sites. 
conduct excavations, mostly work- Javad fears this could lead to abol- 
ing with foreign teams. But Pak- tion of the central archaeology 
{stan has long been hampered by department, which would likely 
loss of expertise when the country diminish the budget and authority 
‘was created in 1947 and severed of archaeologists and make it more 
ties with the Archaeological Sur-_diffcultto protect sites, he says, 
vey of India, “We had tostart from Already, there ae tight con- 
scratch,” says Anjum Javaid, assis- straints on where archaeologists 


tant curator at the Lahore Fort in 
‘the northern city of Lahore. 
[Now Pakistani researchers face 


can operate. Most foreign 
researchers steer clear of the coun- 
‘ry at the moment. And some areas 
rich in sites—such as Baluchistan 
to the west and the North-West 
Frontier Province—are off-timits to 
both Pakistani and foreign excava~ 
tors, But here in Sindh province and 
in other areas in the east, the coun- 
‘ryside remains relatively peaceful. 
Whether or not foreigners come, 
‘Veesarsays he will continue to seek 
new sites to catalog and dig in the 
‘Thar Desert, rattling over high sand 
dunes in an old jeep with Malla, 
“This is not only our heritage 
‘the world’s,” he says. 


AL. 


maf 


are going up around unoccupied mounds, and one senior AST official 
‘says the goal is to buy out the locals and remove the village. “Only then 
ccan you dig.” he says, adding that the bureaucratic and financial obsta- 
cles to doing so are huge. 

Meanwhile, archaeologists say there has been extensive looting 
here over the years; according to one recent rumor, a villager found and 
sold 30 Indus seals. That traffic has almost stopped, insists the site's 
Jone guard. But local schoolteacher Wazir Chand Saroae disagrees. in 
his modest home nearby, he shows off an impressive array of pots, ban- 
gles, ivory and lapis lazuli beads, and animal figurines carefully 
‘wrapped in newspaper and numbered according to his own archival 
system. Saroae is an outspoken advocate for site protection and says he 
does not sell his finds, “The situation has not improved much,” he says 
ruefully. “Villagers are still digging, and the single watchman is not 
effective over sucha large area.” 

‘Some archaeologists call for tougher penalties for looting, but oth- 
ers say the key is to educate the population. “At east one man inthe vil- 
lage has developed a passion for this,” Garge says optimistically as he 
leaves Saroae’s home. Justa few meters away, he points out a 17-meter- 
high cliff studded with 5000-year-old potsherds and bricks; an ancient 
‘mound has been sliced away fora village road. Pigeons are busy roost- 
ing, digging holes into the layers. But the site is owned by villagers and 
‘so strictly off-limits to the spades of archaeologists. 

~ANDREW LAWLER 
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edited by Jennifer Sills 


Working Toward Meritocracy 
in Italy 


| READ WITH ANGUISH THE “OPEN LETTER TO SENATOR RITA LEVI- 
Montalcini” by R. Clementi etal. (21 March, p. 1615), which was signed 
by 776 Italian researchers holding temporary contracts, lamenting the 
Jack of stability and meritocracy. Asa researcher, clinician, and academi- 
cian who has worked under different systems in Italy and abroad, I share 
their concerns. [am fully aware of the heavy limitations ofthe Italian sys- 
tem, However, as the past Chair of the Health Commitee of the Italian 
Senate, Imusttake exception to their statement that the left-wing govem- 
‘ment’ intent never went beyond mere words. In my capacity as Senator, 
Thave promoted measures that enhance transparency and meritocracy in 
the selection of projects and that allocate dedicated resources to young 
investigators. The 2007 national budget law allocated €15 million to 
projects submitted by biomedical researchers under 40 years of age. The 
projects are to be selected by an intemational committee composed of 
scientists who are also under 40, and who will judge the proposals 
strictly on their merits. Another measure, inserted in the 2008 national 
budget law, designates €81 million to projects presented, again, by 
researchers under 40 in all areas of intellectual endeavor. 


True, in spite of the above-mentioned total of €96 million, Italy is 
still behind in research investment. We invest only 1.1% of the GDP in 
research, lessthan the average 2% for Europe, which already compares 
poorly with the 2.7% for the United States and over 3% for Japan. 

Without minimizing the rightful complaint of the Italian 
researchers, I do not believe that the correct way to proceed is to hire 
everyone who is currently working with temporary contracts, but to 
start applying the rules of peer review consistently. By evaluating only 
on the basis of merit, we will give dignity to valuable scientists, and we 
Will promote the intellectual, economic, and cultural growth of Italy. 

IGNAZIO R. MARINO 

Jefferson tedical College, Pitadelphia, PA 19107, USA 


The Emerging World 


turing these data. 


wiki-based structure provides one way of cap- 


be quite disruptive. Perhaps GenBank could 
support an arm’s length relationship to wikis 


of Wikis 

WE NOTED WITH INTEREST THE LETTER 
“Preserving accuracy in GenBank,” (M. L 
Bidartondo et al, 21 March, p. 1616) and the 
related News of the Week story “Proposal to 
‘wikify’ GenBank meets stiff resistance” (E. 
Pennisi, 21 March, p. 1598). David Lipman’s 
fears that wikifying GenBank “would be 
chaos” are widely shared, but those fears 
should be balanced by the realization that 
individual curators cannot fully encompass 
the collective expertise of the larger scientific 
community. Serious users of GenBank use it 
as a starting point for in-depth analysis with 
new bioinformatic tools and reviews of more 
recent work. These users often learn more 
about the data than the initial depositors or 
curation staff. This valuable information— 
hidden in notebooks and rarely published—is 
being lost to future researchers. A parallel 


We are working on such systems, includ- 
ing EcoliWiki (J), the community annotation 
component of EcoliHub (2), and a Gene 
Ontology Normal Usage Tracking System 
(GONUTS) (3), a browser and annotation sy 
tem for Gene Ontology (4). We regard these 
and similar efforts (5-8) as experiments to test 
wiki-based curation. So far, the challenge is 
not chaos but lack of participation. Thus, we 
arealso experimenting with curation by under- 
graduates supervised by an experienced scien- 
tist. Integrating annotation and genomics edu- 
cation leverages how we teach critical thinking 
about the literature, accelerates the pace of 
curation, and provides institutional incentives 
for established scientists to participate. 
Nevertheless, we understand that chang- 
ing the GenBank model should not be done 
lightly. There are well-established expecta- 
tions about GenBank, and wikifying it could 


SCIENCE 


via the LinkOut service. We look forward to 
‘ongoing discussion of how community cura- 
tion could be added to GenBank, In the 
meantime, we encourage the 250 scientists 
who signed the Bidartondo et al. letter to 
help us build wiki-based fungal curation via 
GO at GONUTS. 
JAMES C. HU, RODOLFO ARAMAYO,? 
DAN BOLSER,* TYRRELL CONWAY,* 
CHRISTINE G. ELSIK,* MICHAEL GRIBSKOV,* 
‘THOMAS KELDER,” DAISUKE KIHARA,** THOMAS F. 
KNIGHT JR,” ALEXANDER R. PICO,” DEBORAH A. 
SIEGELE.? BARRY L. WANNER,* ROY D. WELCH"! 
Department of Biochemistry and Biophysics, Texas ARM. 
y. College Station, TK 77843-2178, USA. 
2oepariment of Biology, Texas ABM University, College 
Station, 1 77843-3256, USA. "he BioFoundation, 52 
ceur-dong, Yuseons-st, Daejeon, 305-333, Korea 
Shevanced Center for Genome Technology, Univesity of 
Oklahoma, Norman, OX 73019, USA. *Depariment of 
Biclogy, Georgetown University, Washington, DC 20 
USA. “Deparment of Biclogical Sciences, Purdue 
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University, West Lafayette, IN 47907-2058, USA. ’81GCaT 
Bioinformatics, Maastricht University, Maastricht, 6229 ER, 
Netherlands. SDepartment of Computer Scence, Pureue 
University, West Lafayette, IN 47907, USA. "Computer 
Science and Artificial intelligence Laboratory 32-312, 
Massachusetts institute of Technology, Cambriége, MA 
02139, USA. "Gladstone Insitute of Cardiovascular 
Disease, San Francisca, A 94158, USA. “Department of 
Biology, Syracuse Univesity, Syactse, NY 13244, USA. 
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Science 2.0: Not So New? 

B. SHNEIDERMAN’S PERSPECTIVE, “SCIENCE 
2.0” (7 March, p, 1349), is quite right to iden- 
tify the value of new observations of human 
interaction made possible by the advent of the 
Internet. However, Shneiderman’s assertion 
that these data require some radically new 
methodology. which he calls “Science 2.0," is 
apparently based ona misunderstanding of the 
scope of existing scientific methods. 


Shneiderman says that Science 2.0 will 
address questions of human interaction that 
“cannot be studied adequately in laboratory 
conditions,” because “the interaction among 
variables undermines the validity of reduction 
ist methods "Instead, data for analysis must be 
“collected in real settings.” This sounds exactly 
like approaches that are already practiced, with 
great sucess, by researchers in the fields of (to 
‘name but a few) ecology, evolutionary biology, 
geology, paleontology, economics, cosmology, 
and social science. 

Indeed, what Shneiderman calls Science 
1.0 has always included methods beyond 
simple controlled experiments, such as infer- 


Letters to the Editor 


ence from observation of integrated natural 
systems and the careful use of “natural 
experiments” (J) to test and eliminate com- 
peting hypotheses. 

JEREMY B. YODER 
Department of Biological Sciences, University of Idaho, 
Mescon,|0 53684-3051, USA. 

Reference 
2 Diam, Science 298, 1847 2002. 


Response 
| AGREE THAT THE NATURAL SCIENCES ARE 
based on more than just replicable, con- 
trolled laboratory experimental studies, and 
that observational methods play a key role in 
the natural and social sciences (/). However, 
the interventional methods as practiced in 
design science studies of sociotechnical sys- 
tems have novel elements. In addition to 
“natural experiments,” such as when the 
FaceBook managers change the deletion 
rules or eBay administrators update their 
fraud control mechanisms, Twas advocating, 
research-oriented interventions to develop 
predictive models 

‘Amazon and NetFlix designers conduct 
‘many studies to improve their user interfaces 


ei 
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‘by making changes in a fraction of accounts, 
to measure how user behaviors change. Their 
goal is to improve business practices, but 
similar interventional studies on a massive 
scale could develop better understanding of 
human collaboration in the designed (as 
opposed to natural) world (2). For example, 
studies of the impact of Web-based enroll- 
ment procedures on trust and perceived pri- 
vaey could facilitate more effective online 
health care. Developing better models of 
recognition and reward structures in open- 
source software, scientific collaboratories, 
‘or museum and library annotation projects 
could accelerate the adoption of these pro- 
ductive mechanisms. Understanding how to 
increase the motivation of residents to report 
crime, health problems, or natural disasters 
and then provide resident-to-resident assis- 
tance could improve community safety. 
Observations of natural experiments will 
‘be important, but my point was that Science 
2.0 researchers can also intervene in 
‘massive computer-mediated sociotechnical 
systems to measure impacts in ways that 
astronomers or geologists cannot. T suggest 
that if we, as a society, made major commit- 


ments to support these new research direc- 
tions, many of our civic institutions could be 
dramatically improved. 

BEN SHNEIDERMAN 


Department f Computes Scence, Universiy of Maryland, 
College Patk, #0 20742, USA. 
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TECHNICAL COMMENT ABSTRACTS 


Comment on “Intermittent Plate 
Tectonics?” 
Jun Korenaga 


Sivver and Beha (Reports, 4 January 2008, p. 85) pro- 
‘posed that intermittent plate tectonics may resolve a 
long-standing paradox in Earth’s thermal evolution. 
However, theic analysis misses one important term, 
‘hich subsequently brings their main conclusion into 
‘question. In addition, the Phane-ozoic eustasy record 
indicates that the claimed effect of intermittency is 
Probably weak. 

Fall text at win sciencemag.org/egicoatentfull/320/ 
sesuazvia 
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RESPONSE To COMMENT ON “Intermittent 
Plate Tectonics?” 
Paul G. Silver and Mark D. Behn 


Korenaga tates issue with our proposal that intermittent 
plate tectonics provides a solution io the thermal catas- 
{rope paradox, arguing that the heat flux in the 
absence of plate tectonics i too high We show that tis, 
flux is small enough and changes rapidly enough in 
‘response to variations in slab flux to produce a reason- 
able thermal history back io at least 3 bili years ago 


Full text at wn sciencemag.org/egivcontentfull320/ 
sesviz9in 


CORRECTIONS AND CLARIFICATIONS 


News ofthe Week: “Nee superconductors prope Chinese 
[Physicists to forefront” by A. Cho (25 Apri, p. 432). inthe 
Figure labeled “Temperature records for new compounds,” 
subscripts for oxygen and fluorine in the chemical formulas 
vere reversed, instead of OF, the four frmuas should 
tea ©, 

‘News of the Week: “When hobbits (slowly) walked the 
carth” by €. Culotta (25 April p. 433). Arizona State 
University in Tempe, nat Tse. 

[News of the Week: “IPCC tunes up for is ext report aim 
Jing for bette, timely results” by & Kintsch (18 Apri p 
300). Susan Solomen was incorrectly ientified inthe story. 
She is a senior scientst with the National Oceanic and 
Aimespheric Administation’s Earth System Research 
Laberatory in Boulder, Colorado, and was co-chair ofthe 
IPCC Working Group | 


Analyze and Graph your Data with 
Unparalleled Ease and Precision 


amaPlot quickly 


With SigmaPlot 11 you can: 
‘© Choose from over 100 different easily customizable 2D and 


3D graph types to create publication-quality graphs that 
‘communicate exactly what you want. 


© Fit your data easily and accurately to solve simple and advanced 
curve fitting problems. 


‘© NEW! Perform over 50 of the most frequently used statistical 
tests in scientific research with step-by-step quidance 


(© NEW ! Enjoy an updated look-and-feel across the entire application and customize 
your workspace according to your usage 
‘© Automate repetitive tasks to save your time and effort 


Download a free 30-day trial 
of SigmaPlot from www.systat.com 


wwsciencemag.org SCIENCE 


SigmaPlot 11 


VOL 320. 6 JUNE 2008 


1292 


STATISTICS AND SOCIETY 
Signifying Little 


Theodore M. Porter 


¢ ‘R= ‘we are com- 

manded in the con- 

clusion to The Cult of 
Statistical Significance. “Sell all 
your goods and come with us” 
From Karl Pearson's “Saint Bio- 
metrika” at the beginning of the 
20th century to the gospel accord- 
ing to Ronald A. Fisher, the cool, 
technical reason of statistics has 
also inspired messianic antici- 
pations, and Stephen Ziliak and 
Deirdre McCloskey are only partly 
joking when they propose that we 
can enter the promised land of 
effective science only by rejecting 
Fisher's methods. The “standard 
error” oftheir ttle—the one that costs us jobs, 
Justice, and lives—is the confusion of statisti- 
ccal with substantive significance. The authors 
do not claim much originality in recognizing 
this as an error; they list and discuss a distin- 
guished roster of predecessors in statistics, 
philosophy, and the sciences who have called 
attention to it. And yet somehow the error per- 
sists, across a wide range of disciplines includ- 
ing some—such as pharmaceutical regulation, 
econometrics, and education studies—that 
feed directly into policy. The book was written 
toshake us out of our zy habit of treating sig- 
nificance levels as an almost automatic erite- 
rion of scientific and practical worth. 

If not Fisherian significance, what should 
be the Holy Grail of statistics? Zitiak and 
McCloskey (economists at, respectively, 
Roosevelt University and the University of 
Mlinois at Chicago) answer: “Oomph.” We 
should identify quantities that matter andmeas- 
ure them, not merely determine whether they 
can be distinguished from the null (meaning no 
effect) at some predetermined likelihood level. 
‘The validity of this point I take to be virtually 
self-evident. Yet statistical tests that ignore 
quantity remain pervasive, as the authors 
demonstrate through quantitative analyses of 
the contents of some very prestigious journals 
of economics, psychology, and medicine. 

Of course, effective measurement requires 
in addition evidence as to the accuracy of the 
‘measure, The authors are not much interested 
in this aspect of the problem (the estimation of 


The reviewers at the Department of History, 6265 Bunche 
Hall, Box 951473, University of California, Los Angeles, 
Los Angeles, CA 90095-1473, USA, E-mail: tperter® 
histonvuclaedy 


The Cult of Statistical 
Significance 


statistical error), and per- 
haps they are too willing to 
advise acting on the basis 
of inferred causal relations 
that, if assessed in a Fish- 
erian way, admit serious 
doubt as to their very exis- 
tence. At a minimum, it 
will normally be advisable 
to continue investigating 
when the evidence sug- 
gests, even tentatively, that 
a new drug causes suicides 
‘ora social program to help 
people find work saves 
three times what it costs. 
‘The book's inattention to 
sampling error may perhaps be forgiven as a 
corrective to the usual preoccupation with it. 
Fisher and his disciples, I would agree, 
have a lot to answer for. But Ziliak and 
McCloskey also take some cheap shots, blam- 
ing Fisher for transgressions by medical and 
‘social researchers that he did not endorse and 
would not have counte- 
nanced. The most blatant of 
these is the supposition that 
2 failure to demonstrate sta- 
tistical significance licenses 
the assumption that an 
effect or causal relation 
does not exist. Ziliak and 
“McCloskey show how offen 
thismove is made by econo- 
mists running regressions 
and medical researchers 
analyzing experiments. But 
vwe should consider the fol- 
lowing example, the main 
‘support for the assertion in 
the book’s title that con- 
fusion about significance 
“costs us... lives” In aclin- 
ical trial of Vioxx in 2000, 
five experimental patients suffered heart 
attacks, compared to only one in the control 
group. The different did not rise to statistical 
‘significance at the 5% level, and on that basis, 
the researchers declared there was no danger. 
Is this dubious reasoning to be blamed on the 
Fisherian statisticians? Not really. The sins of 
pharmaceutical trials are legion, as is now 
amply documented, and in this case the work 
was done and the paper written by Merck, 
which subsequently recruited phantom 


Sealy Gosset. 


“Student” of the f test. William 


authors at universities willing to attach 
their names to the publication. Ziliak and 
MeCloskey point out that Merck had already 
suppressed other data implying the riskiness of 
‘Vioxx. Most of the really harmful abuses 
chronicled in the rather overblown first 40 
pages of this book involve statistical maneu- 
‘vers that are illegitimate even by the standards 
of Fisher's program. We can better explain the 
‘Vioxx episode in terms of corrupt research 
program than of flawed statistical tools. 

‘The defects of Fisherian theory, it is clear, 
‘were made much worse in the practices of 
social and medical researchers as these were 
institutionalized from about 1930 to 1960. 
Most of the problems arose from an effort to 
set up inferential statistics as a set of recipes 
that could obviate any need for good sense of 
judgment. Ziliak and McCloskey argue that 
anxieties about subjectivity in the social and 
medical sciences encouraged reliance on such, 
“magic pills” In my view, this quest for mech- 
anized objectivity is typical of the modern 
adaptation of science to the state, which gen- 
erally places scientists in a subordinate posi- 
tion when public decisions are at issue and 
demands of them, above all, rigorous imper- 
sonality and value-neutrality. 

‘The book connects its statistical claims with 
a dubious morality tale. Even if William Sealy 
Gosset (who studied statistics 
in Karl Pearson’s laboratory 
and worked out the basics 
of the ¢ test) was as saintly as 
he is portrayed here, we might 
‘doubt the strongly implied link 
between his moral goodness 
and the correctness of his sta- 
tistical program. On the chief 
point in question, the value 
of measuring effects rather 
than merely controlling error, 
he does not appear to me to 
be very different from that 
famously difficult personality 
and committed eugenicist— 
and effective founder of the 
20th-century mathematical 
field of statistics—Pearson, 
‘The authors’ hagiography of 
Gosset is counterpointed by a demonology of 
Fisher. Fisher's unattractive eugenic polities, 
refusal to give credit to colleagues and prede- 
cessors, and personal cruelty may also be gen- 
une, but can these explain the misdirection of 
his statistical program? A shift in statistical 
practice from detecting effects to measuring 
them and assessing their consequences would 
be good for science, but it may not hasten the 
millennium. 

30.1126cenc.1160305 
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PSYCHOLOGY 


Piling On the 


Selection Pressure 
Johan J. Bolhuis 


we approach the 150th anniversary 
As publication of On the Origin of 

Species, the theory of evolution isstill 
not without controversy in the popular 
domain. But itis generally considered one of 
the most important intellectual achievements 
of the modem age. It therefore seems logical 
to extend the theory to cognition, as Darwin 
himself did in The Descent of Man when he 
considered human characteristics such as 
morality ot emotions to have been evolved, 
Evolutionary psychology aims to do just that: 
applying evolutionary theory to the human 
mind. Specifically, it proposes that the mind 
consists of cognitive modules that evolved in 
response to selection pressures faced by our 
Stone Age ancestors. The approach has a wide 
popular appeal, perhaps because it often 
addresses such exciting topics as human 
desire, sex, and passion. 

Early in the introductory chapter of 
Evolutionary Psychology as Matadapted 
Psychology, Robert Richardson readily 
acknowledges that “[o]ur psycho- 
logical capacities are evolved 
traits.” subject to natural selection. J 
Butat the same time, he maintains 
that there is very little we can find 
out about the evolution of the mind 
and that the evolutionary psychol- 
ay interpretation is wrong from 
the perspective of evolutionary 
biology. Richardson, a philoso- 
pher at the University of Cincin- 
nati, is not the first to add to the 
selection pressure on this fledgling 
psychological discipline. The merit of his 
critique is that it is not polemic in the way 
those of some of his fellow critics (such as 
Jerry Fodor or Stephen Jay Gould) have 
been. Rather, Richardson wants to evalu- 
ate evolutionary psychology strictly on scien- 
tific grounds, 

This approach is reminiscent of that taken 
by David Buller in Adapting Minds (1). 
Richardson ofien refers to is predecessor, and 
there are many similarities between the two 
authors. For a start, both are philosophers 
rather than psychologists or evolutionary biol- 


‘The reviewer i in the Behavioral Biology Group, Utreckt 
University, Post Office Box 80086, 3508 TB Utrecht, 
Netherlands, mai: bothuisguu.nt 


Evolutionary 
ychology 
Maladapted Psychology 


ogists. Also, both are broadly 
sympathetic with an evolu- 
tionary approach to human 
cognition. Nevertheless, they 
both end up criticizing evolu- 
tionary psychology as it has 
been practiced to date. The 
most obvious difference be- 
tween the two books is that 
Richardson's is considerably 
shorter. This is because he crit- 
icizes mainly the methods 
used by evolutionary psychol- 
ogists, whereas Buller evahi- 
ated their evidence in great 
detail and provided altemative 
interpretations. Another dif- 
ference is that where Buller 
concentrated on psychological 
data, Richardson weighs the 
approach’ theoretical frame- 
‘work using criteria from evo- 
Iutionary biology. In the end, 
the two books are complemen- 
tary, and together they consti- 
tute a formidable critique of 
evolutionary psychology. 
Richardson evaluates in some detail 
whether particular human cognitive traits, 
such as language or human reasoning, can 
be seen as adaptations. He concludes that 
although it should be possi- 
ble to find evidence to sup- 
port such claims, evolu- 
tionary psychologists have 
generally failed to do so. 
He follows arguments by 
Stephen Jay Gould and 
Richard Lewontin (2) that 
natural selection, although 
of crucial importance, is 
not the only factor in evolu- 
tion. The main problem 
with evolutionary psychol- 
ogy is that it usually does not consider alterna 
tive explanations but takes the assumption of 
adaptation through natural selection as given. 
Evolutionary psychologists often argue for 
their proposals with a zest and enthusiasm that 
seems to convey the message that we can only 
understand the human mind if we consider our 
evolutionary history. At various places in 
Evolutionary Psychology as Maladaptive 
Psychology, Richardson concludes that we 
simply lack the historical evidence for a 
reconstruction of the evolution of human cog- 
nition. For human language, an “explanation” 
favored by evolutionary psychology is that it 
evolved for use in complex social groups, that 
is, there was a functional demand for lan- 
guage. Richardson rightly suggests that pale- 


ontologists are unlikely to unearth the evi- 
dence that can inform us about the social 
structure of our ancestral communities. [think 
one can goa step further. Even if we would be 
able to muster the evidence needed for an evo- 
lutionary psychological analysis of human 
cognition, it would not tell us anything about 
‘our cognitive mechanisms. The study of evo- 
Jution is concerned with a historical recon- 
struction of traits. It does not, and cannot, 
address the mechanisms that are involved 
in the human brain. Those fall within the 
domains of neuroscience and cognitive psy- 
chology. In that sense, evolutionary psychol- 
ogy will never succeed, because it attempts to 
explain mechanisms by appealing to the his. 
tory of these mechanisms. To-use the author's 
words, “We might as well explain the structure 
of orchids in terms of their beauty.” In 
this excellent book, Richardson shows very 
clearly that attempts at reconstruction of our 
cognitive history amount to little more than 
“speculation disguised as results.” The book's 
title implies that the field is itself subject 
to selection pressure. Richardson is cer- 
tainly piling it on 
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OCEAN SCIENCE 


Under-Resourced, Under Threat 


Anthony J. Richardson'*and Elvira S. Poloczanska* 


hhe recent IPCC (Intergovernmental 

Panel on Climate Change) Fourth As- 

sessment Report (/) noted 28,586 sig- 
nificant biological changes in terrestrial sys- 
tems but only 85 from marine and freshwater 
systems. OF these few observations from 
aquatic systems, 99% were consistent with 
global warming, which suggests that aquatic 
systems may be extremely vulnerable to cli- 
mate change. Here, we argue that the dearth 
of documented changes from marine systems 
isan artifact of the distribution of global sci- 
ence finding, the difficulty of disentangling, 
‘multiple stressors from relatively poorly sam- 
pled systems, the disconnect between marine 
and terrestrial ecology, the way marine ecolo- 
ists report research findings, and limitations 
in the existing IPCC process. 

‘Marine research is under-resourced com- 
pared with that on Iand. Ifthe number of pub- 
lications (1996 to 2004, Thomson Scientific 
ISD) is used as a measure, less than 11% of 
published papers in each of the fields of ecol- 
ogy, conservation biology, and biodiversity 
research deal with marine systems (2-4). This 
bias arises in part because investigating the 
ocean realm is generally difficult, resource- 
intensive, and expensive. 

‘Observational capacity is also much lower 
in the oceans than in terrestrial systems. 
Humans are far removed from much of the 
‘ocean expanse, which reduces the likelihood of 
observing changes there. Research forays into 
the oceans are transitory and concentrated in 
coastal waters. Inaccessibility of most marine 
systems precludes studies by amateur natural- 
ists, who have provided valuable terrestrial data 
sets on the timing of blossoms or arrival of 
‘migratory birds. Satellite observing systems 
are generally restricted to the sea surface, and 
even shallow marine ecosystems such as sea- 
grass meadows and coral reef remain hidden. 
‘There are several unique avenues for generat- 
ing marine time series. Fishery records and 
fish otoliths (used to estimate fish age and 
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Marine undersampling. The numberof time eres rom different environments included in the recent IPCC 
AGntesgovernmental Pane! on Cimate Change) Fourth Assessment Report differ wiely. Marine systems are 
vastly underrepresented compared with terrestrial systems (1). 


growth, akin to tree rings) provide information 
over interannual to decadal scales. Recon- 
structions from sedimentary records and coral 
cores afford insight over centennial and longer 
time scales (5, 6). 

The difficulty of disentangling multiple 
stressors within poorly sampled systems has 
also stymied the discovery of marine climate 
change impacts. No parts of the oceans remain 
unaffected by multiple human activities, such 
as eutrophication, fishing, habitat destruction, 
hypoxia, pollution, and species introductions 
(7). These mubiple stressors may have masked 
‘more subtle impacts of climate change andmay 
even have misled researchers to interpret cli- 
‘mate change impacts as those of local environ- 
‘mental changes. 

Furthermore, there i aprofound disconnect 
between marine and terrestrial ecology, evident 
in the lack of contributions of marine ecology 
to general ecological theory, journals, and text- 
books (3, &, 9). Major differences in cancepts 
(Such as the size dependence of predation in 


marine systems), organization (marine and ter- 
restrial ecologists are usually in different ins 
tutes), and funding have resulted in marine 
research being overshadowed by terrestrial 
ecology (8, 9), and this is evident in biological 
climate impacts research. 

Findings from the Fourth Assessment 
Report (J) reflect the dichotomy between 
research on marine and terrestrial biological 
impacts. Chapter 1 of Working Group I's 
report lists only 30 marine data series (biolog- 
ical and physical) in the synthesis of climate 
impacts, compared with 622 series from the 
cryosphere and 527 series from terrestrial 
biological systems (/). Further, only 4 out of 
43 authors of this chapter were marine biolo- 
gists, which results ina greater likelihood that 
documented changes in marine systems may 
be overlooked. 

IPCC guidelines for inclusion in assessment 
reports demand that time series must be at least 
20 years long and end in 1990 or later. Yet, 
‘many marine time series were halted inthe late 
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1980s, just when ocean warming was acceler- 
ating, as a consequence of a funding crisis 
that shifted marine research toward process- 
orientated studies (10). A possible way to bol- 
ster confidence and enhance transparency in 
the IPCC process would be to specifically 
detail each marine and terrestrial observation 
synthesized in the report (in an appendix), as is 
the norm in large published meta-analyses (//, 
12). As well as identifying gaps, this will allow 
the broader scientific community to provide 
quality control of the data gathering and inter- 
pretation that underpin the assessment. 

Marine ecologists must also accept respon- 
sibility for the paucity of evidence of climate- 
driven impacts on marine species. Terrestrial 
studies state observed changes in distribution 
(as kilometer per degree celsius) and timing 
(as number of days earlier per degree celsius) 
explicitly for inclusion in meta-analyses and 
IPCC reports; these figures are rarely provided 
in the marine literature. The tendency for 
‘marine researchers to report bulk responses for 
functional groups rather than individual 
species (13, 14) also contributes to underesti- 
mates in the number of marine biological 
changes. Both marine and terrestrial ecologists 
_must develop robust yardsticks against which 
climate-change impacts can be measured (75). 

The situation is made more urgent, as 
emerging evidence suggests that the response 
of marine organisms to climate change may 
be faster than on land, despite slower ocean 
‘warming, Range shifts of hundreds of kilome- 
ters ina few decades have been observed in 
phytoplankton (/6), zooplankton (14), fish 
(77), and intertidal fauna (18). Many orga- 
nisms can be dispersed widely and rapidly by 
ocean currents (19). High fecundity (for exam- 
ple, many bony fish spawn thousands to mil- 
lions of eggs per female per year), coupled 
with free-floating early-life stages, allows 
far-ranging dispersal in a single reproductive 
season. Changes in life-cycle events may also 
be greater for marine organisms, with an 
advance in seasonal timing by more than 8 
days per decade of the appearance of phyto- 
and zooplankton (13, 20) and breeding in sea 
turtles (27) and seabirds (22). Shorter Tife 
cycles of oceanic primary producers (days to 
‘weeks) compared with land plants (months to 
‘years) contribute to this rapid response. 

Unfortunately, our greater knowledge of 
terrestrial climate impacts will not provide the 
‘means to understand marine impacts. Ocean 
and terrestrial (atmospheric) processes com- 
monly operate over fundamentally different 
time and space scales (8). For example, 
cyclones in the atmosphere are about 1000 km 
across and last for a week or so, whereas their 
‘marine equivalent, ocean eddies, have diame- 


ters of about 200 km and exist for months to 
‘years. Slow ocean dynamics also means that 
‘some changes will be essentially imeversible. 
For example, declines in ocean pH may impact 
calcifying organisms, from corals in the tropics 
to pteropods (winged snails) in polar ecosys- 
tems 23,24), and will take tensof thousands of 
‘years to reequilibrate to preindustrial condi- 
tions (23). Understanding and adapting to cli- 
‘mate impacts in the oceans will require some 
‘uniquely marine solutions. 

Despite these basic differences between, 
‘marine and terrestrial systems, marine scien- 
tists will find many solutions by embracing 
general principles that transcend the division 
‘between these environments. Effects of tem- 
perature on organism traits (such as growth 
and life cycles) may obey similar fundamen- 
tal rules in the ocean and on land. The meta- 
bolic theory of ecology, which formulates 
predictions on a range of ecological processes 
‘based on biophysical principles, is emerging 
asa unifying principle bridging the marine- 
terrestrial divide (9). Other areas of common 
interest include fast rates of habitat destruc- 
tion and critical concepts, such as the Tikeli- 
hood of climatic tipping points beyond which 
‘ecosystems may experience abrupt changes. 
‘Tackling these research concepts should yield 
common theory that has predictive capability 
in both environments. 

‘Marine ecosystems are undoubtedly under- 
resourced, overlooked, and under threat; our 
knowledge of impacts of climate change on 
‘marine life is a mere drop in the ocean com- 
pared with that for terrestrial organisms. To 
address this disparity, a coherent vision is 
needed to lobby for greater resources for 
‘marine research, to focus marine investiga- 
tions, and to improve marine coverage in the 
IPCC process. This vision should address the 
following points: 

* encourage ive research effort in 
‘areas where there is likely to be mutual interac 
tion (and benefit) between marine and terres- 
‘tial biologists, such as the effects of tempera 
‘ure on life cycles and metabolism; 

+ establish multinational observing networks 
that extend across ocean basins to resolve the 
rapid and long-range shifts expected in orga- 
nism ranges; 

‘+ address the multiple, interactive modes of 
impacts of climate change and other global 
change stressors on marine ecosystems and 
biodiversity; 

‘ encourage marine biologists to participate 
‘more actively in the formulation and testing of 
‘general ecological principles, providing the 
necessary theory to interpret and predict cli- 
‘mate impacts in marine ecosystems; 

‘* ensure maximum inclusion of marine im- 
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pacts in the IPCC process by urging marine 
researchers to state observed changes explicitly 
foreach species studied; 

‘call for better representation by marine biolo- 
gists in the IPCC process; 

‘* recommend that the IPCC list each marine 
and terrestrial observation they use; 

‘* capitalize on the unique windows into marine 
ecosystem changes over relatively long time 
scales afforded by sedimentary records, 

‘Two meetings in Spain this year—the 
recent symposium on Affects of Climate Change 
(on the World's Oceans (19 to 23 May) in Gijon 
and the upcoming World Marine Biodiversity 
Conference(11 to 15 November) in Valencia— 
bring together marine biologists concerned 
with climate change and the conservation 
of marine biodiversity. These meetings pro- 
vide ideal opportunities to develop such a 
global vision. 
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ECOLOGY 


Putting the Heat on Tropical 


Animals 


Joshua J. Tewksbury,’ Raymond B. Huey.’ Curtis A. Deutsch? 


ics —the cradle of biodiversity—are often 

predicted to be small relative to those in 
temperate regions (J, 2), because the rate of 
climate warming in the tropics is lower than 
at higher latitudes (3). Yet, predictions based 
only on the magnitude of climate change may 
be misleading. Models that include organis- 
‘mal physiology suggest that impacts of cli- 
‘mate warming may be more severe in the trop- 
ics than in temperate regions, 

‘The impacts of climate warming on organ- 
isms depend not only on the magnitude of the 
environmental temperature shift but also on 
the behavior, morphology, physiology, and 
ecology of the organisms in question (4-6) 
This added complexity is daunting, but some 
general principles are emerging from research 
focused mainly on ectothermal animals (such 
as insects, fish, reptiles, and amphibians), 
which cannot maintain a constant internal 
body temperature. Negative impacts should be 
greatest on animals that are physiologically 
specialized with respect to temperature (7) and 
have limited acclimation capacity (8). Further, 
species living in warm climates are likely to 
suffer disproportionately from small increases 
in temperature (9), and species that live in 
aseasonal environments may be particularly 
vulnerable to increases in temperature, 
because changes in behavior and physiology 
are less likely to provide relief from rising tem- 
peratures (10). 

‘Terrestrial ectotherms with these vulnera- 
bility traits are typically tropical (7, 11, 12)-In 
the 1960s, Janzen (/3) noted that tropical 
ectotherms should be thermal specialists (see 
the figure, top) and have limited acclimation 
capacities, relative to higher-latitude species, 
because they have evolved in relatively con- 
stant, aseasonal environments. These predic- 
tions have been largely validated for various 
terrestrial and aquatic ectotherms (7, 17, 12 
14-17), yet the implications of this pattem for 
species vulnerabilities to climate change have 
rarely been investigated (15, 17-19). 

Tropical ectotherms have other traits that 
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Survival in a warmer climate. Data from diverse terrestrial 
‘ectotherms suggest that tropical species living in stable asea 
‘sonal climates, such as the Amazonian lizard Enyotiaides polpe- 
wave narrower thermal tolerances than do 
higher-latitude species such as the temperate lizard Micros tes: 
selfota (bottom inset), and alsa live in climates that are closer to 
their physiological optima. The former may thus be highly 


bralis (top inset), 


‘vulnerable even to modest climate warming. 


increase vulnerability. Because tropical ongan- 
isms experience far more warm weather 
throughout the year than do temperate ogan- 
isms, tropical animals might be expected to 
have greater heat tolerance. Surprisingly, that is 
often not the case: Heat tolerance typically 
Varies very little across latitude in terrestrial 
ectotherms (7, 12, 15). Thus, many tropical 
‘ectotherms live much of the year in environ- 
ments where equilibrium body (“operative”) 
temperatures are near or above optimal temper- 
‘atures for performance (15). Tropical forest 
‘species may be particularly vulnerable, because 
they live in constant shade, are not generally 
adapted to the high operative temperatures 
found in warmer open habitats, and have few 
behavioral options available to evade ising tem- 
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Tropical animals may be particularly vulnerable 
to climate warming. 


peratures (JO, 5). Any climate- 
induced increase in operative tem- 
peraturecould cause steep declines in 
thermal performance and Darwinian 
fitness (see the figure, top). 

‘To assess whether independent 
data support these assertions, long- 
term demographic data on tropical 
species are required. Such data are 
rare, but in the study of frogs and 
lizards in lowland Costa Rica, densi- 
ties have declined by ~4% per year 
between 1970 and 2005 (20). These 
declines are explained by climate~ 
driven declines in leaf fitter on the 
forest floor over the study period. 

Theoretically, these patterns 
can cut both ways: The same fic~ 
tors that make tropical ectotherms 
vulnerable to changing climate 
may benefit some temperate ecto- 

, _ therms (/5) (see the figure, bottom). 

ao Empirical data tell amore complex 
story. During the last rapid warm- 
ing event, 50 million years ago, 
insect damage on temperate plants 
did increase sharply (21), but data 
on contemporary temperate-zone 
insects are mixed: Some species 
are expanding rapidly (22), occa- 
sionally causing large changes 
to ecosystems and economies 
(23), whereas others—often spe- 
cialists relying on day-length cues 
‘and species living in disappearing 
high-elevation habitats—are predicted to 
decline (6). 

All these predictions are for terrestrial 
habitats, and patterns may differ elsewhere 
In marine habitats, for example, thermal 
specialists occur both at low and high lati- 
tudes, and thermal generalists appear most 
common at mid-latitudes (9, 24). Yet this 
pattern tracks the seasonality of ocean sur- 
face temperatures—polar oceans are cold 
but show little temperature variation 
throughout the year, and the largest season- 
ality in ocean surface temperatures are seen 
at mid-latitudes. Therefore, both tropical 
and high-latitude species live at near-stress- 
fal temperatures and could be vulnerable to 
warming (24). In intertidal habitats, which 
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hhave very sharp temperature gradients, an 
organism's vulnerability to warming de- 
pends on vertical position, latitude, daily 
time of exposure, and interactions with 
predators and competitors (4). Despite this 
complexity, thermal tolerance and acclima- 
tion capacity are still governed by tempera- 
ture variability (4, 8, 76). 

‘The strong association between the 
physiological flexibility of ectotherms and 
the temperature variations they experience 
will create serious problems in the tropics, 
compounding threats from habitat loss and 
fragmentation. We have focused on the 
direct impacts of changing temperature on 
ectotherm physiology. Equally important 
is the integration of these effects into a 
framework that includes the impacts of 
changing climate on species interactions, 


community structure, and ecosystem fune- 
tion. Such an integration is critical if we 
hope to predict the impacts of global 
warming on biodiversity. 
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SYSTEMS BIOLOGY 


The Scale of Prediction 


Nitin S. Baliga 


he predictability of cellular responses is 

the basis for applications as diverse as 

preventive medicine and the reengineer- 
ing of microbes for biotechnology. At first 
glance, the diversity of biological systems sug- 
‘gests that they can adopt a seemingly infinite 
‘number of behaviors or states. If this were true, 
it would severely hinder our ability to predict 
the responses of biological systems tonew envi- 
ronmental changes. Fortunately, this is not the 
cease (/)_ An individual biological system func 
tions optimally within an environmental space 
(defined by the ranges in any given parameter) 
in which it has evolved. Furthermore, within 
this defined space, changes in individual factors, 
(temperature, pH, O,, et.) do not occur in iso- 
lation but in a temporally coupled and nonran- 
dom manner for physicochemical reasons. On 
page 1313 of this issue, Tagkopoulos et al.(2) 
offer theoretical simulations and experimental 
validation to show that even simple microbes, 
ccan learn temporal interrelationships among, 
changes in environmental factors, and thus can. 
predict and prepare for future environmental 
changes, a behavior attributed to metazoans. 
‘This work not only demonstrates how biologi- 
cal networks (gene, protein, and metabolic) 
have assembled during evolution, but also 
explains why decoding these networks into pre- 
dictive models isa tractable problem. 
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AA predictive model fora biological system 
requires capturing the network of 
environmental factors that affect system 
responses. 


Interlocking architectures. The associations between environmental and biological networks facilitate pre- 


dictive modeling of cellular responses. The 


locked gears within a microbial cell represent coupled bio- 


chemical processes that operate in sync with similarly coupled changes in environmental factors, also repre- 


sented by interiocked gears. 


‘The progression of naturally coupled envi- 
ronmental changes over billions of years has 
been the primary selection pressure in evolu- 
tion. Because these natural environmental 
changes occur in a coordinated manner, from 
the perspective of an organism they are routine 
and predictable. Not surprisingly. biological 
systems have used this to their advantage and 
evolved anticipatory behavior. Tagkopoulos et 
al. show that this ability to predict environ- 
‘mental changes lends a competitive advantage 
to the organism. In fact, they demonstrate that 
decoupling environmental changes reduces 
the fitness of an organism and that this fitness 
can be regained through evolution of new net- 
work architectures from the same original 


parts list. This is especially exciting because 
relationships among environmental factors 
can change markedly from one niche to 


another (for example, the relationship among 
temperature, light, and nutrient availability 
‘across the ocean surface, hypersaline lake, and 
hydrothermal vent environments). Given suf- 
ficient separation on evolutionary time scales, 
this can result in different regulatory logic in. 
related organisms that share similar genes but 
hhave gone on to inhabit different niches (3) 
e.g. different ecotypes of the cyanobacterium 
Prochlorococcus marinus (4)). 

Tagkopoulos et al. provide insight into 
the process by which the architecture of an 
environmental network is imprinted onto the 
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structure of a biological network. They make 
a striking observation that this rewiring 
process occurs rapidly (in <100 genera- 
tions). This suggests that an organism can 
migrate to a suboptimal environment and 
rapidly gain fitness through rewiring. Sucha 
‘marginal increase in fitness might make the 
organism reasonably competitive while it 
undergoes a much longer process (lateral 
gene transfers and/or spontaneous mutations 
followed by selection) to fully adapt to the 
new environment. 

The fitness gain associated with internal- 
ized network changes that reflect coupled 
environmental changes might also partly 
explain why multiple environmental sensing 
domains are physically linked in numerous 
response regulatory proteins (5). These Tink- 
ages are even apparent at a systems level and, 
are phenomena that have been known for 
quite some time (6, 7). Circadian rhythms, 
seasonal flowering, and the migratory behav- 
ior of birds are excellent examples of antici- 
patory behaviors over different time scales. 
Acclimation to an impending change upon 
sensing a predictive environmental cue is a 
systems- level phenomenon with mechanistic 
roots in the molecular architecture of gene 
and protein networks. Once decoded, the 
logic within the architecture of these net- 


‘works that enable an organism to anticipate 
environmental changes should in turn help 
us predict its behavior. 

This is not an unrealistic expectation 
because these complex systems-level phe- 
nomena are now tractable ata molecular level 
High-throughput technologies enable the 
measurement of molecular changes in sys- 
tem-wide genetic information processing 
(such as RNA and protein expression levels, 
protein-protein and protein-DNA interac- 
tions, and protein modifications). However, it 
seems that to construct a predictive model we 
‘would need to make these measurements over 
nearly an infinite space of combinatorial 
perturbations in all environmental factors. 
‘Tagkopoulos et al. show that combinatorial 
perturbation experiments that couple environ- 
‘mental factors inan unnatural way mighteelicit, 
responses that do not accurately reflect rela- 
tionships that the organism has learned 
through evolution. If so, then a model con- 
structed from such “unnatural” responses is 
unlikely to be predictive. 

This argues that the combinatorial per- 
turbations conducted in the laboratory 
should mimic true relationships in the 
natural environment. Both the paucity of 
detailed models for these dynamic temporal 
relationships in diverse environments and 


the complexity of mimicking them in the 
laboratory make this an unattainable goal. 
Interestingly, the same network of coupled 
environmental changes that has resulted in 
anticipatory behavior also aids in predictive 
modeling of these networks froma relatively 
modest number of systematic one-factor 
perturbation experiments. This is because 
even a simple perturbation propagates 
through the highly structured network of 
physicochemical relationships to give com- 
plex and reproducible multifactor changes. 

Consequently, these perturbations trigger 
linked and anticipatory networks within the 
organism, generating a structured response 
that can be learned and modeled (8%). 
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ASTRONOMY 


An Eccentric Pulsar: 
Result of a Threesome? 


Edward P. J. van den Heuvel 


whose lighthouse-like beams of radio 

waves sweep Earth, producing highly 
regular pulses with periods ranging from 
about I ms to 8 s. Of the ~1600 pulsars known 
in the disk of our galaxy, some 5% have pulse 
periods shorter than 10 ms (J). Most of these 
millisecond pulsars have a companion star 
that is a white dwarf, and all such millisecond 
binary pulsars known in the galactic disk have 
perfectly circular orbits (7, 2). Yet, on page 
1309 in this issue, Champion et al. (3) report 
the discovery of a millisecond pulsar in the 
galactic disk with a highly eccentric orbit and 


Pte spinningneutron stars 
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a companion that is probably a solar-like star 
‘The mass of this pulsar is ~30% larger than 
that of other binary neutron stars in the galac- 
tic disk (2). The discoverers suggest that the 
high eccentricity of this binary is due to inter- 
action with a third star 
‘Neutron stars and black holes are the dens- 
estobjects known in the universe and have the 
strongest gravitational fields. They are 
formed by the collapse of the bumed-out core 
ofa star exceeding eight solar masses, accom- 
panied by a supemova explosion in which the 
envelope of the star is violently ejected. 
‘Weighing in at ~1.4 solar masses and with a 
diameter of only 20 km, a neutron star is 
essentially an atomic nucleus consisting of 
10°7 neutrons held together by a gravitational 
attraction ~11 orders of magnitude greater 
than on the surface of Earth. This enormous 


Observation of an eccentric millisecond binary 
pulsar challenges the standard model of 
millisecond pulsar formation. 


gravity allows a neutron star to spin ~1000 
times per second. 

In the standard model for millisecond-pul- 
sar formation (4-7) in the galactic disk, the 
transfer of matter from a binary companion 
causes the neutron star's spin period to 
decrease. Although the supernova explosion 
initially results in an eccentric orbit for the 
neutron star (8), strong tidal effects during 
the subsequent mass-transfer phase produce 
the circular orbit. 

‘The millisecond radio pulsars with circular 
orbits are the later evolutionary products of 
low-mass x-ray binaries (LMXBs). These 
consist of a neutron star and a solar-like com- 
panion star less than 1.5 solar masses (9). The 
‘mass transfer in these systems may last hun- 
dreds of millions of years, allowing the spin 
period of their neutron star to decrease to mil- 
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Eccentric millisecond pulsar systems. Two possible con 


pulsar system resulting from triple-star interactions. (Model 1) Th 


sa “normal” 
eccentric due to the gravitational disturbances p 
tion, whi Ss 
sar-white dwarf binary around which the solar 


is in a wide orbit around the in 


that the present binary remained. 


liseconds and tidal forces to circularize the 
orbit. Indeed, in more than 20 LMXBs, mil 
lisecond spin periods were detected in the past 
decade (/0-12), and the circular orbits were 
verified. The x-ray-emitting neutron star in 
the LMXB will become a millisecond radio 
pulsar once the aceretion has stopped and the 
companion star has “died” and become a 
white dwarf star. 

Toexplain the eccentric orbit observed by 
Champion et af., something must have dis- 
turbed the initially circular orbit of the pulsar 
system. The possibilities include interaction 
with another body after formation, initial for- 
mation from three rather than two stars, or 
disruptive effects from gravitational forces 
Such effects have been seen in globular star 
clusters but not in our gakaxy 

In globular star clusters, LMXBs are 
about three orders of magnitude more com- 

laxy, 
and the same is true for their descendants, 
the millisecond radio pulsars (1). This over- 
abundance of neutron star binaries is a result 
of the relatively high star density of globular 
star clusters compared to our galaxy’s disk 
This higher density leads to more frequent 
stellar encounters, making it easier for a 
neutron star to capture a solar-like compan- 


inary started out 
companion, Is orbit later became 


ced by the solar-like star seen at the pulsar’s sky post 
todel 2) Th 
ike star mow 


ion star. After repeating this capture and 
accretion process several times, the neutron 
star may increase its mass. Indeed, some 
millisecond pulsars in globular clusters are 
observed to have masses up to ~1.8 solar 


Also, an encounter of a millisecond pulsar 
binary with another cluster star may cause the 
orbit of the millisecond pulsar to become 
eccentric and/or its white dwarf companion to 
be exchanged for a solar-like cluster star 
‘Some 10% of the millisecond pulsar binaries 
in globular clusters indeed have eccentric 
orbits, and in some cases the companions are 
solar-like stars (J). In addition, such an 
encounter may impart a sufficiently large 
velocity to the binary for itto escape from the 
cluster. Champion et al. suggest this “kmock- 
out scenario” as one of the possible formation 
models for their system, estimating the for- 
mation probability to be ~10%. 

‘As an alternative, they suggest forma 
tion in the galactic disk from a hierarchical 
triple system, originally composed of a 
normal” circular close inner binary con- 
sisting of the millisecond pulsar and a white 
dwarf, plus a third distant companion, 
which is the observed solar-like star (see the 
figure, model 1). The latter star can, by its 


gravitational interaction with the inner 
binary, induce a large eccentricity in the 
orbit of that system. They estimate that the 
probability of finding at least one triple sys- 
tem among the known number of millisec- 
ond binary pulsars is ~50%. Although it can 
explain the eccentricity, there remains the 
problem of the observed large mass of the 
pulsar and also of the white dwarf [white 
dwarfs in circular-orbit millisecond pulsar 
binaries always have masses below 0.44 
solar masses (J, 2)]. As an alternative three- 
body model, they suggest that the white 
dwarf in the inner binary system (in this 
case very close) was evaporated by the pull- 
sar’s energy flux and the third (solar-like) 
star remained in the 95-day eccentric orbit 
(see the figure, model 2). This still does not 
explain the large mass of the pulsar. 

Each of these models therefore has prob- 
Jems. An attractive alternative to model 2 is 
one in which the close inner binary system 
consists of a pulsar and a massive white 
dwarf (/3). Due to gravitational-wave losses, 
such a binary will coalesce, completely dis- 
rupting the massive white dwarf (/4). Part of 
the massive disk that then forms around the 
neutron star may be accreted, increasing its 
mass, the ejection of the remainder inducing 
an eccentric orbit. 

It thus appears that viable models can be 
constructed to explain the observations by 
Champion et al. This eccentric system seems 
to confirm that in nature—to paraphrase the 
novelist T. H. White—“anything not forbid- 
den is compulsory.” 
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PHYSICS 


Improving Correlations Despite 


Particle Loss 


A.V. Porto 


orrelations arise in systems where 
( the behavior of any given particle 

depends strongly on all the other par- 
ticles. Such correlations help to distinguish 
relatively simple gases (which are largely 
uncorrelated systems; over time, the average 
position of an atom in a gas does not depend 
much on the other atoms) from more compli- 
cated condensed matter systems. In tradi- 
tional condensed materials, correlations arise 
from two effects: interactions (for example, 
the charge of electrons causes them to repel 
each other) and quantum statistics (for exam- 
ple, fermionic particles such as electrons can- 
not be in the same state, as stated in the Pauli 
exclusion principle). Yet, on page 1329 of 
this issue, Syassen et al. (J) show that in 
dilute quantum gases, correlations can arise 
through another mechanism: inelastic loss of 
particles from the system. 

‘This approach uses the unusual properties 
of ultracold atoms that are held in optical 
lattices, standing waves of light created 
by interfering laser beams. Collisional loss 
allows pairs of colliding particles to escape 
the traps, leading to particle correlations. 
Despite being less dense than typical solids 
by a factor of 1 billion, gases of ultracold 
atoms provide a way to realize and study 
“condensed” matter physics (2). Trapped ina 
vacuum with magnetic or optical fields, 
these weakly interacting dilute gases can 
serve as nearly perfect realizations of some 
solid-state models and may help us under- 
stand phenomena such as high-temperature 
superconductivity of exotic quantum mag- 
nets. In addition, they present opportunities 
unavailable in traditional materials, such as 
the ability to precisely engineer lattice poten- 
tials to trap the atoms and to directly control 
the strength of atom-atom interactions. 

Another important feature of trapped atom 
systems is that they can undergo inelastic 
atom loss, in which two or more particles 
collide to form a molecule, kicking those 
particles out of the trapped gas. Particles 
converging on the same point in space can 
undergo inelastic collisions and are effectively 
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annihilated—they disappear from the trap. 

Collisional losses are normally consid- 
ered undesirable for studying many-body 
physics because they can lead to heating and 
decay. Losses, however, depend on the posi- 
tions of other particles, and loss rates have 
been used to measure two-particle correla- 
tions in a Bose gas of *’Rb atoms (3). Syassen 
et al. point out that these losses can generate 
correlated states: The remaining atoms are 
more likely to be arranged to avoid each 
other. However, this effect alone would not be 
enough to generate stable correlated states, 
because the remaining separated particles 
could continue to adjust their positions, and 
would find and collide with other atoms until 
all atoms had decayed away. 

Quantum mechanical systems can evolve 
jn ways counter to our classical intuition, and 


As a trapped quantum gas is slowly set free, 
pairs of colliding molecules escape, but these 
collisions actually help slow further losses. 


Making gains out of losses. (Top) Molecules ini- 
tially isolated from one another in a lattice are 
released along one direction and are allowed to 
spread out and interact with their neighbors 
(tiddle) Wen the molecular wave functions spread 
‘out enough for neighboring atoms to come in con- 
tact, strong inelastic loss of particles can occur. 
(Bottom) Counterintuitively, this strong loss can 
actually stabilize the system against futher loss. 


there is a quantum effect that can stabilize the 
system if the loss rate is much greater than the 
rate at which atoms can move from point to 
point in the gas. In the quantum Zeno effect, 
processes that strongly perturb a given state 
tend to inhibit the system from evolving into 
that state. Its as if the mere possibility of 
strong losses of colocated atoms tends to pre- 
vent separated atoms from moving together 
and annihilating. In the context of cold atoms, 
the quantum Zeno effect has been proposed as 
a means to stabilize a quantum “register” of 
atoms in an optical lattice (4), 

Syassen et al. point toward the broader 
application of creating correlated many-body 
states. They first trapped an array of individ- 
ual Rb, molecules into the separate sites of a 
three-dimensional (3D) optical lattice, which 
creates a correlated state (this state resembles 
2 low-density crystal; see the figure, top 
panel). By decreasing the strength of the trap- 
ping lattice along just one direction, they con- 
verted the rubidium system into a 2D array of 
ID gases (see the figure, middle panel). The 
previously isolated Rb, molecules were then 
free to move along the wires and annihilate 
each other (see the figure, bottom panel). 

As these dynamic processes took place, 
‘Syassen et al. measured substantially lower 
particle loss than would be expected for an 
uncorrelated system, which shows that the 
particles are correlated—they avoid each 
other. More important, as particles disap- 
peared, the loss rate slowed more than would 
‘be expected from the decreased number of 
atoms alone, which indicates that these loss 
processes farther increase the correlations of 
the remaining atoms. This interpretation is 
supported by the authors’ theoretical deserip- 
tion of the system. 

‘This inherently dynamic many-body pro- 
blem presents some interesting theoretical 
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questions. To what extent can temperature be 
defined, and how do the final states depend on 
the initial conditions? Is the approach taken 
‘here, in which the system starts in a correlated 
state, different from one starting with a com- 
pletely uncorrelated system and then suddenly 
‘tuming on loss processes? The authors” numer- 
ical calculations indicate thatthe system forgets 
any details ofits initial state quickly, and it will 
be interesting to further elucidate the details. 
‘The work of Syassen et al. represents 2 
first step in solving the experimental chal- 


lenges to making this collision process 
generally useful. This technique could be 
used to produce other interesting states, 
such as fractional quantum Hall states (5) 
‘and systems that exhibit anyonic statistics 
(6). Here, the particle correlations create 
composite particles that have fractional 
electron charge or obey “fractional” quan- 
tum statistics somewhere between those of 
a boson and a fermion. Even in the 
absence of these applications, the present 
work opens up the experimental and theo- 
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retical study of a new class of interesting 
dynamic problems. 
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MOLECULAR BIOLOGY 


Refined View of the Ends 


‘Alessandro Bianchi and David Shore 


he linear genomes of eukaryotes pose 

specific problems for the protection 

and replication of DNA ends, or telo- 
meres. These challenges were overcome by 
the evolution of a specialized protein appara- 
tus that, together with the short DNA repeats 
that recruit these proteins to chromosome 
ends, forms the telomeric complex (Z, 2). On. 
page 1341 of this issue (3), Miyoshi et al. 
identify new protein components of the fis- 
sion yeast telomeric complex and offer new 
insights into telomere function and evolution. 

In yeasts and mammals, the short but 
highly repeated DNA motif synthesized by 
the telomerase enzyme is partly single- 
stranded, terminating in a 3-OH overhang 
(enriched with the nucleotides thymine and 
guanine) at the tip of the telomere. Conse- 
‘quently, both double-stranded and single- 
stranded telomeric DNA binding proteins 
have evolved. Both sets of proteins protect 
chromosomes and regulate telomerase activ- 
ity. The emerging picture is that the double- 
stranded binding factors repress telomerase 
through a mechanism that depends on the 
‘number of bound molecules, which is linked 
totelomere length; overhang-binding proteins 
participate in telomerase activation. 

‘The core mammalian telomeric complex is 
called shelterin, for its role in telomere protec- 
tion (4). I is delivered to telomeres by two of 
its components, telomeric repeat binding fac- 
tor 1 (TRF1) and TRF2. TRF2 recruits an 
additional factor, repressor activator protein 1 
(RAPI), The mammalian overhang-binding, 
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Telomeric DNA syathesis: 


Fission yeast telomeric complex. In this model, the Pot1-T 
complex promotes telomerase activity when bound directly to the 3°- 
OH overhang, but not when recruited to the Tar1-Rap1 complex by 
Pozi. The extent af sequestration of the Poti-Tp21-Coq1 complex 
depends on the number of telomere-bound Tazi-Ran1 molecules, 


sshich in urn is dicated by telomere length. 


unit is a heterodimer of the protein protection 
of telomeres 1 (POT!) and TPP1 (previously 
known as TINT/PTOPPIPI). A sixth factor, 
‘TRF interacting nuclear factor 2 (TIN2), 
completes the core complex. Of the two well- 
studied yeast model systems, Saccharomyces 
cerevisiae and Schizasaccharomyces pombe, 
only the latter has orthologs of TRF /TRF2 
(called Tazl) and POT. 

Using a biochemical approach, Miyoshi et 
al, identify the Potl-interacting partner in S. 
pombe (the TPP! ortholog. called Tp2l). They 
also reveal two additional components of a 
Potl complex localized at telomeres: Pozi, a 
‘small protein of unknown function and withno 
obvious homologs, and coiled-coil quantita- 
tively enriched protein I (Coql_), whose multi- 
ple fimctions include heterochromatin forma- 
tion (5), meiosis (6), and, as now reported, 
telomerase regulation (3). Tpel, like its partner 


—— or 


a 


Studies in fission yeast have expanded the 
known repertoire of proteins that assemble 
‘at chromosomal ends to control telomere 
function, 


Potl, is essential for telomere 
protection, and for Pozl and 
Ceql association with the 
telomere. Pozl in turn inter- 
cts with both Rap and Tpzl, 
and thus has an important 
architectural role in bridging 
the TazI-Rapl complex with 
Potl-Tpal (and Ceql). The set 
of mapped interactions isrem- 
%¢)iniscent of those described for 
oh the human shelterin complex, 
raising the question of whether 
Pozl might be a TIN2 homo- 
Jog. One important difference 
isthatPozl in. pombe, unlike 
TIN? in mammals, interacts 
with Rapl. 

‘Although loss of Potl or 
‘Tpal in fission yeast results in 
telomere deprotection and cell death, mutant 
cells lacking either Poz1 or Ceql grow nor- 
mally. However, Pozi and Ceq! do protect 
telomeres, as the double mutant is inviable 
and loses telomere sequences rapidly. Both, 
proteins also regulate telomerase, but in 
‘opposite ways: Pozl- and Ceql-deficient 
cells have elongated and shortened telomeres, 
respectively. One attractive hypothesis is 
that the Potl-Tpz1-Ceql complex (possibly 
together with Poz1) forms a subcomplex at 
telomere overhangs that recruits and activates 
telomerase (See the figure). This agrees with 
recent findings that human POTI-TPP1 inter- 
‘acts with telomerase in vivo and stimulates its 
activity in vitro when bound to its DNA sub- 
strate (7, 8). Importantly, Miyoshi er al., 
demonstrate that Tpz immunoprecipitates 
telomerase activity from yeast cells, in a 


‘Coq «dependent manner, 


eq 
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Ithas been proposed that mammalian shel- 
terin controls telomerase activity by transduc- 
ing a telomere length-dependent signal to the 
chromosome end via POTI-TPPI (9). The 
findings of Miyoshi etal. in fission yeast sug- 
gest a version of this model, in which telo- 
‘merase activity is controlled by a switch in the 
Potl-Tpzl-Ceql complex from a Tazl- 
Rapl-bound state, nonpermissive for telo- 
merase recruitment and/or activation, to an 
overhang-bound conformation where it pro- 
motes telomerase action (see the figure). 

Consistent with this proposal, Poz1 and Potl 
associate with duplex telomeric DNA in cells 
with circularized chromosomes (thus devoid 
of ends), and this binding depends on Taz 
and Rapl. The proposed role of Poz! in deliv- 
ering the Potl-Tpz1-Ceql complex to its 
‘Taz -Rapl-bound “repressive” state would 
explain the telomere lengthening phenotype 
of poz! mutants. Further testing of this mode! 
could help elucidate the role of mammalian 
shelterin in telomerase control. 

‘The work by Myoshi ef al. places a spot- 
light on Ceql, whose many functions also 
include protecting telomeres, because cells 
lacking Ceql exhibit increased telomere 
recombination and activate the DNA damage 
response. It remains unclear how the various 
activities of Coql are coordinated and 
‘whether a mammalian homolog exists. 

‘The findings of Miyoshi ef af. underscore 
the importance of structural relations and 


transitions within the telomeric complex in 
carrying out its many functions. Unraveling 
the architectural organization of shelterin will 
be a major challenge, but is only part of the 
task, because several accessory factors that 
associate only transiently with the core telo- 
‘meric complex are required for telomere func 
tion. Interaction of these factors with the 
telomere is often mediated by RAPI or TRF 
proteins. Indeed, TRFI/TRF2 and Taz! share 
‘conserved -helical domain that provides a 
large surface for protein interactions (/0). 
‘Structural analysis has identified short pep- 
‘ide motifs (bearing the consensus Tyr/Phe-X- 
Leu-X-Pro, where X is any amino acid) that 
interact with the o-helical domain of TRF1/ 
TRF2 (11). For example, the consensus 
sequence of TIN? interacts specifically with 
‘TRF1, and that of Apollo (a nuclease) inter- 
‘acts with TRE2. This motif has been identified 
in other human proteins involved in telomere 
function, indicating that they too might inter- 
act directly with TRF proteins. Whether Taz 
uses a similar docking mechanism to recruit 
accessory telomeric factors remains to be 
seen, but appears likely. 

‘Where does this leave the budding yeast S. 
cerevisiae, long viewed as an outlier in telo- 
mere evolution? Budding yeast use Rap] as 
the telomere duplex DNA binding protein, 
apparently relegating the TRF-like protein 
(called Tbfl) to a poorly defined back-up role 
in telomere biology. Similarly, the role of Potl 


in budding yeast seems to be carried out by a 
different protein [cell division cycle 13 
(Céc13)], albeit one with an overall structural 
similarity, namely, the presence of multiple 
oligosaccharide-oligonucleotide-binding 
(OB) folds. Cdc13 forms a trimeric complex 
(called the CST complex) with Stnl and Tenl, 
proteins that also bear OB folds, Remarkably, 
‘hwo recent reports identify Stn1 orthologs in a 
wide range of organisms from S. pombe to 
humans (12, 13), and provide direct evidence 
that the S. pombe protein does indeed play a 
role at telomeres (12). Could it be that a CST- 
like complex in fission yeast and mammals 
awaits discovery? 
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Going with (or Against) the Flow 


Thomas Peacock’ and Elizabeth Bradley? 


ur daily fives are governed by flow 
Ow We not only move through 

fluids, such as air and water, but also 
‘depend on fluid flows for transport and mixing 
‘onal scales, from the blood flow that brings 
‘oxygen to our cells, to geophysical convection, 
and turbulence in the oceans and atmosphere. 
Flow control thus lies at the heart of a panoply 
of scientific problems, such as improving the 
performance of transport vehicles or manag- 
ing pollution dispersion in the environment. 
‘The importance of these issues is driving new 
theoretical and technological advances in this 
diverse and challenging research field. 
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Flow control begins on the microscale (1); 
for example, fluid flows in lab-on-a-chip tech- 
nology can manipulate DNA molecules 
through hydrodynamic focusing (2). In this 
Perspective, however, we restrict our attention 
to macroscale phenomena. An important 
‘example is controlling the separation of a thin 
boundary layer of air adjacent to moving cars 
and planes; this small-scale process in turn 
alters the macroscale flow around a vehicle, 
affecting the drag and lift. If this separation 
‘can be prevented or delayed, performance can 
bbe improved substantially. 

‘Some boundary-layer contro! problems 
‘can be solved by turning to nature. Many 
aquatic creatures have evolved to become 
‘dynamically efficient through a combination 
of their static body profile, skin roughness, 
and active control of their geometry when 


Scientists have made great progress in 
controlling flow in many systems, 

but general strategies with feedback 
remain the ultimate goal. 


‘generating propulsion (3, 4). And because 
low-speed water flow can be equivalent to 
high-speed air flow, configurations that have 
evolved in one medium can sometimes be 
translated into the other. For instance, the 
humpback whale flipper has large rounded 
protuberances on the leading edge (see the 
figure) that delay boundary-layer separation 
during sharp turning maneuvers (5). This, 
research has inspired prototype wind-turbine 
blades that generate as much power at wind 
speeds of 10 miles per hour as conventional 
turbines do at 17 miles per hour (6). Other 
recent biomimetic technologies include a 
Jow-drag, large-storage capacity Mercedes- 
Benz car designed to mimic the hydrody- 
namic profile of a boxfish (7), and a swim- 
suit made from fabrics that reduce the drag 
on the bodies of competitive swimmers (8). 
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Biomimetic wind turbines. Rounded protuberances on the fliggers of hump- 
‘back whales (Left) delay the dramatic loss of lift (known as “stal). They can do 
se by changing the pressure cistrioution, which delays separation behind the 


Many engineered systems operate in 
dynamic regimes or configurations that are 
foreign to biology, sobiomimetics is not a uni- 
versal flow-control solution. In some cases, 
‘open-loop strategies —a fixed approach based 
on predetermined information, such as new 
geometries (passive control) or surface- 
mounted actuators (active control)—can 
improve performance substantially (9). For 
example, supersonic microjets 100 to 1000 
hm in size, with exit velocities in the range of 
300 to 500 m/s, are used to actively control 
unsteady behavior in larger supersonic jets 
used by short-takeof and vertical-tanding air- 
craft (10). 

“However, these approaches are tailored to 
specific problems, and it remains difficult to 
develop a closed-loop strategy that adapts in 

gal tme, based on feedback from sensors, to 
& control a wide range of complex flows. First, 
© because of their many degrees of freedom, 
i complex flows are difficult to approximate 
2 and highly sensitive to initial conditions, 
§ restricting our ability to make accurate real- 
Z time forecasts with numerical methods. 
2 Second, although the boundaries of a flow 
8 can be accessed through surface-mounted 
{sensors and actuators, it isnot practical to do 
so for the body of the fluid. Finally, even at 
& the boundaries, demands on sensors and actu- 
E ators are high; the technology must operate 
E onvery fine scales while being robust enough 
© to withstand harsh conditions, such as those 
H found on the surface of an airplane wing or 
B the inside ofa jet engine. 

2 Despite these challenges, impressive pro- 
2 gress is being made inall areas of closed-loop 
© flow control. Robust actuation technology has 
§ been developed, for example, in the form of 
= synthetic jet actuators that provide localized 
I elociy distances to ali thenear-vall low 
§ (21). And because increased computing power 
5 alone is unlikely to enable real-time simulation 
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in the foreseeable future, alternative prediction 
strategies are being developed. One promising 
approach, which has been demonstrated to 
‘smooth a turbulent flow in numerical simula- 
tions, is to use rigorous linear approximations 
of the governing equations (12). In complex 
flows, where this approach can be impractical, 
system identification methods provide an aher- 
native means to obtain an approximate linear 
‘mode; this technique has been used to reduce 
the frequency of turbulent bursting by 23% in 
‘wind-tunnel tests (13). Other approaches under 
development inchude low-dimensional models 
that approximate the full dynamics (14), or 
techniques that identify and manipulate key 
‘coherent structures, such as separation spikes 
(Z5). These strategies are likely to have a sub- 
stantial impact for small-scale autonomous 
vehicles, which—like birds, insects, and fish— 
‘maneuver at speeds commensurate with the 
unsteady aerodynamics and exploit unsteady 
phenomena such as dynamic lift (thats, the lift 
available fora short time immediately before 
stall sets in). 

‘Some of the most pressing flow-control 
issues faced by society exist on even larger 
scales. According to the Energy Information 
Administration, more than 5% of the total 
‘annual energy consumption of the United 
States goes into heating and cooling build- 
ings (/6). In an effort to improve efficien- 
cies, the design of openings in buildings is 
being guided by experiments that use flows 
of stratified salt water through scaled-down 
‘models to mimic air flow in a building (17). 
In combination with computations, which 
are difficult because the flow is turbulent, 
this work is helping guide a new generation 
of actively controlled environments in build- 
ings, such as the window-opening strategies 
employed in the Federal Building in San 
Francisco (/8). There are also promising 
efforts using geophysical-scale forecasting 
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bumps; the existence of vortices inthe troughs between tubercles may also play 
2 role. Prototype wind-turbine blades that mimic these features (right) perform 
‘much better than conventional blades at low wind speeds. 


to control the flow of environmental pollu- 
tants, by timing their release based on com- 
putational assimilation of field data; exam- 
ples include ozone-regulatory enforcement 
in Arizona (19) and pollution dispersion in 
Monterey Bay (20). Indeed, there is a close 
connection between the theoretical basis for 
geophysical-scale forecasting and model- 
based flow control. By integrating the 
perspectives and techniques from both 
the aerodynamic flow control and weather 
forecasting communities, great fundamental 
advances are yet to come. 
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Rise of the Andes 


Carmala N. Garzione,** Gregory D. Hoke,* Julie C, Libarkin,? Saunia Withers,” 
Bruce MacFadden,* John Eiler,* Prosenjit Ghosh,* Andreas Mulch? 


‘The surface uplift of mountain belts is generally assumed to reflect progressive shortening and 
crustal thickening, leading to their gradual rise. Recent studies of the Andes indicate that their 
elevation remained relatively stable for long periods (tens of millions of years), separated by rapid 
(2 to 4 million years) changes of 1.5 kilometers or more. Periodic punctuated surface uplift of 
‘mountain belts probably reflects the rapid removal of unstable, dense lower lithosphere after 


associated with the modem Andean magmatic arc, 
‘whereas the Eastem Condillera and Altiplano basin 
record a history of folding and faulting. The central 
‘Andes have a protracted cristal shortening history 
spaming the last 50 million years (My) (3-5) that 
has generated cristal thicknesses of ~70 km below 
the highest topography in the Eastem and Westem 
Contilera and 60 10 65 tan below the central 
Altiplano (6). Geophysical observations suggest that 
cclogitic lower crusts absent beneath much of the 
late (6), The mantle between 16°S and 20°S 
shows the lowest P wave velocities below the 
Altiplmo‘Eastem Condiller transition, suggesting 


{long-term thickening of the crust and lithospheric mantle. 


the surface uplift of mountain belts, such as 
the central Andes plateau, has long been 
thought to be the isostatic response of 
shortening and thickening of the continental crust 
Recently developed isotopic techniques allow us 
to determine the uplift history ofthe central Andes 
independently from the shortening history. These 
results show that shortening and uplift are 
temporaly decoupled, with shortening and thick- 
ening happening over protracted periods of time, 
‘whereas uplift occurs geologically rapidly. Thus 
arises a paradox: Why does slow, contimious 
shortening and thickening not produce slow, 
continuous isostatic uplift in the central Andes? 
‘Both crustal thickening and the removal of 
relatively dense mantle or lower crust can generate 
{sostatic surface uplift (J, 2) Paleoelevation studies 
help solve the geodynamic evolution of mountain 
belts because the rate and lateral extent of surface 
“uplift depends on the processes involved. Here, we 
synthesize the elevation history of the central 
‘Andes, Earth's second largest mountain belt. We 
then compare paleoclevation estimates to histor- 
{es of regional incision, sedimentation, shorten- 
{ng, and voleanism within the mountain belt to 
characterize lithospheric evolution and the geo- 
dynamic mechanisms that led to surface uplift. 
‘The central Andean plateau (Fig. 1), with a 
‘width of ~400 km and an average elevation of 
~4 ham, is a typical example of an active plate 
‘margin where oceanic lithosphere is subducted be- 
neath continental lithosphere. At its widest, the 
central Andean plateat consists of the internally 
trained Altiplano basin at an elevation of ~3800m 
that is bounded by the Westem and Eastem Cor- 
dilleras, where peak elevations exceed 6 km. The 
‘Westem Contillera is a chain of voleanic edifices 
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that virally all of the mantle lithosphere has been 
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Fig. 1. Elevations ofthe Central Andean plateau based on Shuttle Radar Topography Mission 30 data and 
moder versus 10 Ma paleotopography profiles. (Top) Shaded relief topography of the central Andean 
plateau between 17.5°S and 23°S with colored areas representing the different paleosurface data used to 
‘econstructthe topography ofthe Andes at 10 Ma. Regions outlined in blue show low-teliefpaleosurfaces 
‘that underwent rotation and incision beginning in late Miocene time, Green dots denote locations of 
‘Miocene paleobotanical estimates of paleoelevation (20, 21). Blue dots indicate locations of late Miocene 
stable isotope paleoelevation and paleotemperature estimates shown in Fig. 2. The large gap between the 
pale green and red paleosurfaces corresponds to the Los Frales ignimibrite shield, The dashed tine marks 
‘the center of 2 100-km-wide swath average profile across the central Andean plateau. (Bottom) Profiles 
showing the modem maximum and minimum topography (thin black lines), the average modern 
‘topography Qight blue), and the average topography of the areas identified as paloesurfaces (green). The 
red line represents the topography of the Andes at 10 Ma based on the paleoelevation estimates given in 
Fig. 4 (center of plateau) and river incsion-based estimates of relief generation for the eastern and 
‘western flanks of the Altiplano. The data gap created by the Los Friales ignimbrite shield and the 
‘Subandes is filled by linear interpolations. 
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removed (7-9). In addition, high *He/*He ratios 
{in hydrothermal fuids and gases across much of 
the Altiplano and Eastem Condillera indicate the 
degassing of mantle asthenosphere-derived mag- 
‘mas (10). Together, these observations support 
previous sugeestions for the southern Altiplano 
‘and Puna (17, 12) that both mantle lithosphere 
and eclogitic lower crust were removed below 
mich of the Altiplano and the westem part of the 
Eastem Cordillera (6). Removal of lower litho- 
sphere might occur rapidly by delamination or 
convective removal (1, 13) or gradually by abla- 
tive subduction of foreland cratonic lithosphere 
(14, 15) Bither case results in an influx of lighter 
asthenosphere, generating surface uplift of sev: 
ral Kilometers, However, rapid removal of lower 
lithosphere would result in surface uplift in as 
litle as several million years, whereas gradual 
removal by ablative subduction would generate 
surface uplift over tens of millions of years, 
coincident with crustal shortening. 


Climate Trends and Subsidence History 
‘The Altiplano and Eastem Cordillera contain 
thick accumulations of Oligocene through late 
“Miocene fluvial, floodplain, and lacustrine de- 
posits (16). The oxygen (8°°0) and hydrogen 
(8D) isotopic composition of paleosol carbonates 
and authigenic clays from voleaniclastic units 
provide a recont of meteoric water composition 
that isthe basis for stable isotope paleoelevation 
estimates (Fig, 2). Stable carbon isotope (5"°C) 
values of paleosol carbonates provide a record of 
‘plant respiration rates that can be used as a proxy 
for aridity (Le, lower plant respiration reflects a 
‘more arid climate). Depositional environments 
‘within a3.6-km thick succession preserved in the 
eastem limb of the Corque syncline include fw 
vial channe! sandstones and floodplain mudstones 
{nthe lower 1.4 ki and upper 700m, as well asa 
‘widespread freshwaterto-playa lake system that 
can be traced more than 100 km along strike. 
Both sedimentology and carbon isotopes in this 
section suggest that the central Altiplano became 
‘more arid between ~10 and 6 million years ago 
(Ma) (17). Fluvial channe! deposits decreased in 
thickmess and lateral extent up-section, further sug- 
gesting a decrease in discharge, Over the same 
time interval, 6'°C values af pedogenic carbonates 
increased by ~3 per mil (%s), suggesting a decrease 
in plant-tespired CO. (17). Despite evidence for 
increasing aridity, the 8"°O values of palustrine 
‘and paleosol carbonates (8"*0.) decrease by ~3 %e 
ig. 2), a change opposite of the expected trend 
for higher rates of surface-water evaporation. 
‘More positive 5'*O values observed in the older 
part of the record are synchronous with observa- 
‘tions of wetter conditions, suggesting that evap- 
orative enrichment of “0 is an unlikely cause for 
the trend to more negative 8!*0 values overtime. 

Sedimentation rates in the Altiplano reflect 
sates of subsidence relative to the surrounding 
topography. Sedimentation rates in the central 
Altiplano and Puna dramatically decreased after 
10 Ma (18) (Fig. 3). Between 13 and 9 Ma, 
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sedimentation rates were extremely high, aver- 
aging 880 m/My (Fig. 3). During this time pe- 
uunderfilled basin conditions. By 8.6 Ma, fluvial 
deposition resumed and subsidence decreased 
dramatically, averaging 0.12 mm/year. 
Palecelevation Constraints 


Shallow marine deposits of the El Molino For- 
ration require thatthe Altiplano lay at sea level at 
the end of Cretaceous time (19), Paleotemperaure 
estimates derived from foss-leaf physiognamy 
in the northem Altiplano and Eastem Cordillera 
(Fig. 1) suggest that palevelevations were <1.3 km 
aat~15 to 20 Ma (20) and <2 kam by ~10 Ma (22). 
‘Both the oxygen isotopic composition of rainfall 
‘and surface temperatures vary as function of ele- 
vation. Stable oxygen isotope values of pedogenic 
carbonate and carbonate cement should reflect the 
‘composition of so water and shallow ground- 
‘water, which isa reflection of rainfall composition 
and near surface temperature. The abundance of 
°C-¥0 bonds relative to a random distribution of 
‘cazbon and oxygen isotopes in carbonate (measured 
by the Avy value of CO, extracted from carbon 
ates) should record the soil carbonate precipi- 
tation temperature (22). Carbonate 8°80 values 
and Ag, temperature estimates decrease with time 
(7, 22, 23), suggesting that elevations increased 
‘by 251 km during late Miocene time, consistent 
‘with low elevation estimates from fossil leaves. 
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2. Stable isotope paleoelevation proxies over time. 

and 8D values are from authigenic (paleosol and 
palustre) carbonates and shallow groundwater cements. 
‘8D values are from authigenic clays in volcanic ash de- 
posits. Paleotemperature estimates are derived from Acy 
measurements on pedogenic carbonates (22) (blue) and 
fossi-leaf physiognomy (20, 22) (green). Horizontal error 
bars reflect the ‘1 variation on a group of pedogenic 
nodules. Vertical bars represent the age range (including 
tuncertainty) of the sample group. VSMOW, Vienna stan- 
dard mean ocean water; VPDB, Vienna Pee Dee belemnite. 
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‘We supplement these elevation records 
‘with 8D data ftom authigenic clays in late 
Miocene ash deposits in the Callapa see- 
‘ton and 8'*O data from late Oligocene to 
early Miocene pedogenic carbonates from 
the Sala and Husyllapucara Totora Forma- 
tions (/6) (Figs. 1 and 2 and tables $4 and 
'S6). One challenge in interpreting stable 
‘isotope records of elevation is that they 
can be biased toward lower elevation est- 
‘mates (Le, more postive values) by increased 
ssurface-water evaporation associated with 
climate change. SD data of authigenic clay 
rinerals in combination with the oxygen 
{sotope carbonate ecard (6 °O.) provide a 
«qualitative aswessment of this bis because 
of the retention and fraconation behavior 
of hydrogen and oxygen in soil and lake 
‘water during evaporation (24), 8D values af 
smectite from volcanic ashes of the Calapa 
Fonnation paralel 30. values (Fig. 2) 
and decrease by about 10 to 20% during 
the late Miocene. Despite increasingly ard 
climate, the combined 80. and 8D data 
show trends toward more negative isotopic 
compositions of meteoric water, support- 
{ng the inference thatthe decreas in 5""O, 
reflects a change in surface elevation of the 
Bolivian Altiplano, 

Before the late Miocene, 8°*O, values 
and paleotemperature estimates suggest a 
Jong history of fairly stable surface tem- 
peratures and isotopic compositions of 
surface waters (Fig. 2), pethaps reflecting 
minimal surface elevation change between ~ 
and 10 Ma, Using the paleotemperature estimates 
from an early middle Miocene fossil leaf assem- 
lage (2/), we converted the 80, values of late 
Oligocene to ear'y Miocene soil carbonates to 
surface-water values (8"0,) (25) For the modem 
isotopic lapse rate of h = 472.58" *Opainau — 2645 
[where h ~ elevation in meters (J7)), paleo- 
elevation is <2.3 + 1 km (26) between 10 and 
25 Ma, broadly consistent with fossil-leaf esti 
ates (20) (Fig. 4) Before 25 Ma, the only paleo 
clevation estimates come fram paleasol carbonates 
of the Salla Formation. Both high 8"°0, values 
and high paleotemperature estimates, based on 
‘gy Values (lable $5), suggest elevations close 
to sea level. (Assuming modem temperature and 
80 lapse rates, reconstructed 8"°O,y are similar 
to modem values in the Amazon foreland, and. 
temmperatures are slightly warmer than those in the 
foreland (Fig. 4).] The relatively positive late 
‘Oligocene to early Miocene 80, values cannot 
be explained by diagenesis of carbonate because 
both higher temperatures and/or diagenesis in 
the presence of later uids should produce more 
negative 5*0. values (27), which are not observed. 
In addition, Ag7 values suggest reasonable tem- 
peratures for surface environments, as apposed to 
the higher temperatures that might result from 


wre 0 ‘Ag, and 8D compilation (Figs, 2 
and 4) suggests that there was atleast one discrete 
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pulse of rapid surface uplift of 
“15 to 3.5 kan (25 1 kan) be- 
‘tween ~10 and 6 Ma and perhaps 
an earlier phase of surface uplift st 
~25 Ma. However, limited data 
betwen 30 and 20 Ma preciude 
an understanding ofthe nature and 
extent of the older event, In the 
following discussion, we review 
geologic histories of the magma- 
tism, shortening, and incision 
‘within the centr Andean platems 
that, when viewed with sedimenta- 
‘ton rates and surface uplift history, 
shed light on the regional geo- 
dynamic processes that induced 
late Miocene surface uplift. 


‘Magmatism and Distribution 
of Shortening 
Widespread felsic magmatism in 
the Andean plate began between 
18°S and 24°S at ~25 Ma (28) 
and has been ataibuted to steepen- 
ing of the subducting Nazca slab 
(29). Despite its wide extent, the 
Volume of pre-late Miocene mag- 
‘matism was stall. Most activity 
(85%) between 19°S and 23.5°S 
secured between ~8.5 and4 Ma 
G0, 31), Mafic lavas erupted 
‘throughout the northem and cen- 
tral Altiplano beginning at ~7.5 
to 5.5 Ma (32, 33) and at ~7 to 
3 Ma in the southem Altiplano 
and Puna (13, 34) (Fig. SD). One 
group of lavas that erupted be- 
tween 25°S and 26.5°S shows 
trace element and radiogenic iso- 
topic compositions characteristic 
of an asthenospheric source, in- 
fered to reflect the removal of 
eclogite lower crust and mantle 
lithosphere beneath the southem 
Altiplano and Puna plateaus (34), 
From 3010 10 Ma, the Andean 
plateau experienced east-to-west 
shortening by ~6 to 12 mm/year 
across the platems (3, 5), From 10 
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Fig. 3. Sediment thickness (nondecompacted) versus time for 
deposition in eastem limb of the Corque syndine. Stratigraphic 
thickness versus age in rocks older than 10.35 My come from (57). 
Constraints on geologic time are indicated by different symbols: red 
squares are dates from (58), the purple square és the new tuff age 
Teported here (16), and blue diamonds are revised magneto- 
stratigraphy (16). The blue line reflects the rate of sediment 
accumulation and changes in depositional environment are labeled 
accordingly. Note the marked decrease in accumulation rates after 9 
‘Ma associated with a change from lacustrine to fluvial deposition. 


Palestvaton 
a 


i 


> S 2 8 ww 8 3 
‘Age (a) 

Fig. 4. Multiple proxies of elevation versus time for the central 

‘Andean plateau over the past 30 My. Paleoelevation estimates are 

derived from oxygen isotopes (17, 23), both Acy and oxygen 

‘isotopes (17, 22), and fossilteaf physiognomy (20, 22). 


to 7 Ma, while elevation increased, shortening 
ceased and deformation propagated eastward 
{nto the Subandean zone (4, 35) (Fig. SC). This 
shift in the locus of shortening is consistent with 
surface uplif, which should decrease the horizontal 
deviatoric compressive stress under the plateau 
while applying greater force per unit length to the 
surrounding lowland. 


Geomorphology 
(Changes in the relief structure of the Piateau also 
{imply that surface uplift occurred since ~10 Ma 
(36-38), Paleosurfaces on both the eastem slope 
ofthe Eastern Cordillera (36, 37) and the westem 
slope of the Westen Condillera (38-43) refiect 
remunts of low-reef drainage systems that were 


active between ~7 and 12 Ma in the Eastem 
Cordillera (36, 37) and until ~10 Ma on the 
‘western slope (44). Widespread incision of the 
paleosurfaces in the Eastem Cordillera began by 
~65 Ma (37) and in the Westem slope began be- 
tween ~9 and 5.5 Ma (40, #2, 43). Cooling ages 
of minerals in the Eastem Cordillera also imply 
‘hat rapid incision began between ~15 and 6 Main 
the absence of substantial shortening (45, 46). 
‘Revonstnictions ofthe relief in these incised valleys 
suggest ~2 kam of surface uplift of the Eastem 
Condilera (47) and ~1 025 kmof surface uplift of 
the Westem Conilera (40-42), The westem slope 
of the Andes (north of ~30°S) has had an arid-1o- 
Inyperard climate since at least 15 Ma (48-50), in- 
scative of atmospheric circulation pattems similar 


to the modem patiem, in which rainfall is derived 
predominant fiom the east. Despite dramatically 
different climates between west and eas the similar 
timing of incision on the westem and eastem slopes 
supports the notion that incision was induced by 
surface uplift and rotation of the slopes. 

The widespread extent of incision implies that 
the entire width of the mountain belt—over atleast 
* latimde—tose (Fig. 1A) (51). The regional late 
Miocene paleotopography ca be reconstnicted 
using suace uplift estimates in Fig, 4 (for the 
Altiplano) and the magnitule of relief generated 
during incision of the Eastem and Westem 
conilleras (40, 47) (Fig. 1B). There is a large dit 
ference in cross sectional area between the average 
‘modem elevation ofthe paleosurface and the 10-Ma 
reconstructed topography. For crustal thickening to 
account for this difference would require shortening 
rates in excess of 40 mmiyear over the 1 to 3 My 
during which surface uplift occured, This is four 
times greater than the observed rates in the Andean 
plateau over the past 40 My, which seems 
implausible. Flow of middle-lower cnist from the 
Easiem and Wester conte tothe Altiplano (52) 
fails to explain the simuhameous rise of the 
cones, which should subside or remain the 
elevation as lower crustal materia flows 
Jaterally. We conclude that the rapid rate, magnitude, 
and regional ext of surface uplift, in addition 10 
ccustal thickening, also require a mantle contribu 
tion, moa likely the isostatic esponse to removal of 
eclogite and mantle lihosphere. 

Climatic responses to Andean surface uplift 
say extend beyond South America For example, 
the presence of the Andes deflects the Intertropical 
Convergence Zone to north of the equator in the 
Pacific, which influences the strength and distr- 
bution of monsoonal climates with Pacific tele- 
comnections (53). It is therefore possible that 
punctuated Andean surface uplift contributed to 
the reorganization of south Asian climate ob- 
served in the late Miocene. 


Geodynamic Implications 
Crustal thicknesses of 60 to 70 kan in the centrat 
‘Andes are the result of protracted shortening and 
thickening over the past 50 My. Despite exten- 
sive crustal thickening, regional reconstruction of 
paleotopography suggests paleoclevations of 
‘<2 km in the Altiplano and 2,5 to 3.5 km in the 
Eastem and Westem cordileras until ~10 Ma 
(SI). These anomalously low paleoelevations 
probably reflect the presence of dense eclogitic 
lower crust, which held the surface down. An 
analogous region today might be the westem 
Sierras Pampeanas in Argentina, with 60-km- 
thick crust but average elevations of ~1 km (54), 

Geologic observations suggest that the inter- 
nal structure of the Andean lithosphere changed 
between ~10 and 6 Ma. During this time, the 
entie width of the plateau experienced surface 
uplift, deep incision of low-relief paleosurfaces 
Initiated on the eastem and western slopes of the 
‘Andes, sedimentation rates within the Altiplano 
basin decreased dramatically while the basin 
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Fig. 5. Synthesis of geologic events that occurred in the central Andean plateau between ~17°S and 26° 
S latitude during the middle to late Miocene. (A) Elevation history based on the various proxies in Fig. 4. 


{B) Subsidence rate for the sediments exposed in the Corque synctine (Fig. 


(© Cumulative shortening 


rates for the Andean plateau (5) and Subandean range (4). (D) Volcanic activity (22, 32). (E) Incision and 
exhumation of the eastern (36, 37, 45, 46) and western flanks (40, 42, 43) of the central Andean plateau. 


transitioned from underfilled lacustrine environ- 
‘ments to filled fuvial/loodplain environments, 
shortening ceased in the plateau and propagated 
into the foreland, and widespread and volumi- 
nous ignimbrite eruption began, followed closely 
in time by mafic voleanisin (Fig. 5). Together, 
these observations are best explained by the re- 
‘moval of dense eclogite and mantle lithosphere, 
triggering regional surface uplift of ~1.5 to2.5 km. 
‘The amount of surface uplift requires the re- 
‘moval of eclogite and mantle lithosphere of ~80 
‘to 140 km thick, an amount that fits within the 
geometry of the subduction zone (51). Removal 
by drips of downwand-flowing lower lithosphere 
can explain the sedimentation history in the Alti- 
plano in that the region above the drip should 
experience rapid subsidence during drip forma- 
‘tion (55), accompanied by rapid rates of sedimen- 
‘ation and underflied basin conditions. Both rapid 
sedimentation and underfilled lacustrine condi- 
tions are observed in the Altiplano between ~13 
and 9 Ma, just before the late Miocene surface 
uplift (Figs. 3 and 5, A and B). We suggest that 
the morphology of broad, flat, high-clevation, 
‘orogenic plateaus isthe proxtuct of phases of both 
crustal and mantle lithosphere thickening punc- 
tuated by discrete intervals of surface uplift 
associated with the convective removal of dense 
lower cnistand mantle lithosphere. Between ~40 
‘and 10 Ma, crustal shortening, lower crustal low, 
and erosion/sedimentation redistributed crustal 
lithosphere while eclogitic lower crust and mantle 
tithosphere accumulated at depth. This long-tenm 
history created the conditions that resulted in 
lower lithosphere removal between ~10 and 
6 Ma, Affer 6 Ma, continued lower crustal flow 
and erosion and sedimentation redistributed 
‘mass within the crust to enhance the low-reief 
landscape observed in the plateau today. 
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Fine Structure Constant Defines 
Visual Transparency of Graphene 


RR. Nair,? P. Blake,? A. N. 
N. MR. Peres,? A. K. Geim= 


rigorenko,? K. S. Novoseloy,? T. J. Booth,’ T. Stauber, 


there are few phenomena in condensed We have studied specially prepared graphene 
‘matter physics that are defined only by exystals (5) such that they covered submillimeter 
the fundamental constimts and do not apertures in a metal scaffold (Fig. 1A inset). Such 
depend on material parameters. Examples are large one-atom-thick membranes suitable for 


(E <1 eV), beyond which the electronic spec- 
‘rum of graphene becomes strongly warped and 
nonlinear and the approximation of Dirac fer- 
ions breaks down. However, our calculations 
(5) show that finite-£ corrections are surprisingly 
small (afew %) even for visible light. Because of 
these comections, a metrological accuracy for a 
‘would be difficult to achieve, but itis remarkable 
that the fine structure constant can so directly be 
assessed practically by the naked eye. 
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the resistivity quantum, hfe”, that 
appears in a varety of transport ex- 
periments, including the quantum 
Holl effect and universal conduct- 
ance fluctuations, and the mag- 
netic flux quantum, hi2e, playing 
an important role inthe physics of 
superconductivity (t is Planck's 
constant and the electron charge. 
‘By and large, it requires sophis- 
ficated facilites and special mea 
surement conditions to observe any 
of these phenomena, In contrast, We 
show thatthe opacity of suspended 
graphene (1) i defined solely by the 
fine structure constant, a ~ €ihic = 
1/137 (where ci the speed of tight), 
the parameter that describes coup! 
ing between light and relativistic 
electrons and that is tritionally as- 
sociated with quantum electrody- 
namics rather than materials science. 
Despite being only one atom thick, 
graphene is found to absorb a sig 
nificant (na ~ 2.3%) fraction of 
incident white light, a consequence 
of graphene’s unique electronic 
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Fig. 1. Looking through one-atom-thick crystals. (A) Photograph of a SO-im aperture partially covered by graphene and its 
bilayer. The fine scan profile shows the intensity of transmitted white ight along the yellow ine. (Inset) Our sample design: A 
20sumethick metal support structure has several apertures of 20, 30, and 50 um in diameter with graphene crystalites placed 
cover them. (B) Transmittance spectrum of single-layer graphene (open circles). Sighty lower transmittance for 2. < 500 nm is. 
probably due to hydrocarbon contamination (5). The red line is the transmittance 7 = (1 + 0.Sna)* expected for two-dimensional 
Dirac fermions, whereas the green curve takes into account nonlinearity and triangular warping of graphene’ s electronic spectrum. 
‘The gray area indicatesthe standard error for our measurements (5) (inset) Transmittance of white ight as function ofthe 
‘number of graphene layers (squares). The dashed lines correspond to an intensity reduction by ma with each added layer. 


structure 

It was recently argued (2, 3) that the high 
frequency (dynamic) conductivity G for Dirac 
fermions (2) in graphene should be a universal 
constant equal to e2/4K and different from its 
universal de conductivity, 4e7/eh however, the 
experiments do not comply with the prediction 
for de conductivity (J)]- The universal G implies 
(# that observable quantities such as graphene's 
optical transmittance Tand reflectance R are also 
‘universal and given by T= (1 + 2nGie)? =(1 + 
Yona) * and R= Yaro°T for the normal light in- 
cidence. In particular, this yields praphene’s opac- 
ity (1 — 7) = na [this expression can also be 
derived by calculating the absorption of light by 
two-dimensional Dirac fermions with Fenmis 
golden rule (5). The origin of the optical prop- 
cties being defined by the fundamental con- 
stants lies in the two-dimensional mature and 
sapless electronic spectrum of graphene and does 
not directly involve the chirality of its charge 
carers (5). 


‘optical studies were previously inaccessible (6). 
‘Figure 1A shows an image of one of our samples 
in transmitted white light. In this case, we have 
chosen to show an aperture that i only partially 
covered by suspended graphene so that opacities 
of different areas can be compared. The line scan 
‘across the image qualitative'y dustrates changes 
in the observed light intensity. Further measure- 
‘ments (5) yield graphene’s opacity of 23 + 0.1% 
and negligible reflectance (<0.1%6), whereas op- 
tical spectroscopy shows that the opacity is prac- 
‘cally independent of wavelength. 3. (Fig. 1B)(5). 
The opacity is found to increase with membranes’ 
thickness so that each graphene layer adds mother 
2.3% (Fig. IB inset). Our measurements also yield 
universal dynamic conductivity G~(1.01+ 0.08) 
@lah aver the visible frequencies range (5), that is, 
the behavior expected for ideal Dirac fermions. 

‘The agreement between the experiment and 
theory is striking because it was believed that the 
universality could hold only for low energies 
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An Eccentric Binary Millisecond 
Pulsar in the Galactic Plane 


David J. Champion,?* Scott M. Ransom, Patrick Lazarus,* Fernando Camilo,* 

Cees Bassa,’ Victoria M. Kaspi,* David J. Nice,* Paulo C. C. Freire,® Ingrid H. Stairs,” 

Joeri van Leeuwen,” Ben W. Stappers,” James M. Cordes,” Jason W. T. Hessels,* 

Duncan R. Lorimer,** Zaven Arzoumanian, Don C. Backer,* N. D. Ramesh Bhat, * 

‘Shami Chatterjee,” Ismaél Cognard,** Julia S. Deneva,*® Claude-André Faucher-Giguére,”” 
Bryan M. Gaensler,** Jintin Han,?* Fredrick A. Jenet,”* Laura Kasian,” 

Vlad |. Kondratiev,"* Michael Kramer,” Joseph Lazio,?° Maura A. McLaughlin,” 


‘Arun Venkataraman,* Wouter Vlemmings** 


Binary pulsar systems are superb probes of stellar and binary evolution and the physics of 
extreme environments. In a survey with the Arecibo telescope, we have found PSR }1903+0327, 
a radio pulsar with a rotational period of 2.25 milliseconds in a highly eccentric (e = 0.44) 
‘95-day orbit around a solar mass (M.) companion. Infrared observations identify a possible 
‘main-sequence companion star. Conventional binary stellar evolution models predict neither 
large orbital eccentricities nor main-sequence companions around millisecond pulsars. 
Alternative formation scenarios involve recycling a neutron star in a globular cluster, then 
ejecting it into the Galactic disk, or membership in a hierarchical triple system. A relativistic 
analysis of timing observations of the pulsar finds its mass to be 1.74 + 0.04 Ms, an unusually 


high value. 


pulsars in the disk of our Galaxy is thought 


T= population of binary and millisecond 
to have two main formation mechanisms 
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(). Most pulsars with spin periods of tens of 
milliseconds have neutron star (NS) companions 
in orbits of high eccentricity caused by the near 
<dsruption of the system by a supemova explo- 
sion. In contrast, pulsars with spin periods less 
than about 10 ms (ie., “millisecond pulsars” or 
MSPs) have white dwarf (WD) companions in 
orbits made highiy circular (orbital eccentricities 
‘© < 0.001) by tidal effects during the recycling 
process. The combination of rapid spin rates and. 
circular orbits is considered vital evidence that 
‘MSPs achieve their short periods by accretion of 
‘mass and angular momentum from binary com- 
panion stars (2). Here, we report the discovery 
‘of an unprecedented MSP that requires a dif 
ferent formation mechanism and whose poten- 
‘tially large mass may play an important role in 
constraining the equation of state of mater at 
‘supramuclear density (3). 

Discovery and follow-up observations. We 
are conducting a pulsar survey of the Galactic 
plane using the Arecibo L-band Feed Amay 
(ALFA) receiver on the 30S-m Arecibo radio 
telescope in Puerto Rico (4). The large collect- 
ing area of Arecibo, the rapid sampling rate 
(every 64 us), and the high spectral resolution 
(256 channels over 100 MHz, which mini- 
izes the dispersive smearing due to five elec- 
‘tons along the line of sight) provide sensitivity 
to MSPs over a much larger volume of the 
Galactic disk than any previous pulsar survey. 

‘The 2.15-ms pulsar 11903+0327 was dis- 
covered using a search pipeline based on the 
PRESTO suite of pulsar analysis software (5, 6). 
It was detected as a highly significant signal 
with a large dispersion measure (DM) of 
297 pe cm® in data taken in October 2005. 


p Ar 


Follow-up timing observations using Arecibo, 
the Green Bank Telescope, and the Westerbork 
‘Synthesis Radio Telescope revealed the binary 
orbit ofthe pulsar to be highly eccentric (Fig. 1). 
‘The Keplerian orbital parameters give a mini- 
‘mum companion mass of 0.85 to 1.07 Me (for 
pulsar masses of 1.3 to 1.9 Ms). Additional 
constraints come from the extensive timing of 
the pulsar, including a general relativistic in- 
terpretation of the measurement of the advance 
of periasron é and a detection of the Shapiro 
delay. As described in the supporting online 
‘aicrial and in the caption to Table 1, the best 
‘mode! fit to the pulse times of arrival indicates 
that the companion has a mass of 1,051(15) Me 
and that the pulsar has a mass of 1.74(4) Me. It 
should be noted that these masses are based on 
~15 years of timing data that cannot yet include 
parameters such as proper motion, which can 
affect the mass measurements. Although the 
pulsar mass is significantly more massive than 
the 1.25 to 145 Me seen in most double neu- 
tron star (DNS) systems (J), it is comparable to 
the inferred masses of several recently detected 
pulsars in eccentric binaries in globular clusters 
(7-9), at least one other Galactic MSP (10), and 
the xray pulsar Vela X-1 (1). If the large 
pulsar mass is confirmed in future observa- 
tions, it will constrain the equation of state 
of matter at supranuclear density and po- 
tentially rule out certain “soft” equations of 
state (3). The companion mass is compatible 
with those of a NS, WD, or main-sequence 
(MS) companion. Although the spin parameters 
of PSR J1903+0327 (Table 1) resemble those of 
other Galactic disk MSPs, the pulsar is clearly 
distinct when orbital eccentricity is compared as 
well Fig. 2). Further details of the search 
pipeline, follow-up observations, and timing 
amalysis are provided in the supporting online 
material. 

Given the possibility that the companion 
could be a NS, and potentially a pulsar, we 
searched for pulsations from the companion 
using several of the Arecibo observations, but 
found none. These mull results set an upper limit 
‘on pulsed emission at 1.4 GHz of ~20 july for 
a period of 2 ms and ~9 wy for a period of 
200 ms, assuming a pulse duty cycle of 30% 
of the pulse period. 

To search for 2 MS companion, we ob- 
tained images of the pulsar field with the 
Gemini North telescope on July 24, 2007. The 
total exposure times were 10 min in the in- 
frared J, H, and Ks bands (1.27, 1.67, and 
2.22 um, respectively). After calibrating the 
astrometry and photometry of the images 
against the Two Micron All Sky Survey 
@MASS) catalog, we find a single star within 
the 0.13” I-e frame-tie error circle at the po- 
sition of the pulsar (Fig. 3). Ithas J~ 19.22), 
H ~ 1841(10), and Ks ~ 18.03(9) magnitudes. 
Given the density of stars in this field, we es- 
timate that the probability of finding a star in 
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the ear circle by chance is 2.6%. Using MS 
star models (2) and estimating the reddening 
with red clump stars (/3) at the ~6.4 kpc dis- 
tance inferred from the pulsar’s DM (1-4, we 
find that a 0.9 Me star of age 10 billion years 
(Gy) would have magnitudes similar to those 
observed. The uncertainties in the distance and 
reddening measurements also allow for a 
1.05 Ms star of age I to 5 Gy, making it pos- 
sible that this (likely) MS star is a companion 
to PSR 11903+0327. 

If the MS star is the pulsar’s binary com- 
panion, ionized stellar winds might be de- 
‘ected as increases in the measured DM or as 
an eclipse of the pulsed flux when the com- 
panion passes between the pulsar and Earth. 
From multifrequency observations around 
the orbit, we find no evidence of an eclipse, 
and we limit any additional DM contribution 
to <0.02 pe cm *. If the companion of PSR 
J1903+0327 is a ~1 Me MS star with solar 
like winds, we would expect an additional DM 
‘contribution on the order of 10° pe em? near 
conjunction (15). Strong itradiation of the com 
‘panion by the pulsar's relativistic wind, how- 
ever, could lead to 2 substantially larger mass 
Joss Our DM variation imit argues against such 
a large mass loss. 

For a system like PSR J1903+0327, a r0- 
tationally induced quadrupole moment in the 
companion could cause a classical periastron 
advance (16) that would contribute to the mea- 
sured @ = 2.46@) * 10 deg year. If the 
companion star is a WD rotating near breakup 
velocity, the classical contribution would typ- 
ically be on the order of 107 deg year *, but 
could be more than an order of magnitude 
larger for specific but unlikely system orienta- 
tions. Ifthe companion isa | to 2 Gy, 1.05 Mx 
‘MS star with a typical rotational period of & to 
10 days (17), the classical contribution would be 
2 10 deg year for most system orientations. 
Such a star would need a rotational period be- 
tween 1.3 and 1.5 days and/or an unlikely 
system orientation to account for ~10% of the 
‘measured G, or a rotational period <0.5 day to 
account for all of it. These mumbers suggest that 
the measured @ is dominated by general rela- 
tivistic effects and, given the high quality of the 
fit, thatthe use of the relativistic timing model is 
well jusified, 

Formation mechanisms. What is the origin 
of this unique system with a short spin period, 
large orbital eccentricity, and possible MS com- 
panion? According to conventional evolution- 
ary scenarios (1), binary pulsars that have 
been recycled down to millisecond periods 
should always appear in circularized orbits. In 
contrast, pulsars in eccentric systems should be 
only mildly recycled or not recycled at all. Be- 
cause PSR J1903+0327 does not fll into either 
of these broad categories, we consider three 
altemative scenarios. The first is that the pulsar 
‘was not recycled but was bom spinning rapidly 
in an eccentric orbit at the time the NS was 


‘created. The second has the pulsar recycled in a 
globular cluster and then ejected into the Ga- 
lactic disk. The thind has the pulsar recycled in a 
hierarchical tiple system. 

For various reasons, it seems unlikely that 
the pulsar was formed spiming rapidly at the 
time of core-collapse with a small surface mag- 
netic field (2 * 10" G), First, there are no pulsars 
like J1903+0327 in any of the more than SO 
‘young supemova remnants in which a NS has 
‘been inferred or detected directly (8). Second, 
‘a"“bom-fast” scenario for PSR J1903+0327 would 
likely be expected to account for some or all of 
the 18 isolated MSPs detected in the Galactic 
disk. Although the formation of those systems 
is puzzling because the observed time scales 


for evaporating a companion star seem too 
Jong, their spin distributions, space velocities, 
and energetics are indistinguishable from those 
of recycied (1e., not bom-fast) binary MSPs, 
and their space velocities and scale heights do 
not match those of nonrecycled pulsars (19), 
Third, magnetic fields in young pulsars likely 
originate either from dynamo action in the 
proto-NS (20) or through compression of 
“frozen-in” fields of the progenitor star during 
collapse (21). If compression is the correct mech- 
anism, then young pulsars with magnetic 
fields <10"° G are rare, as we know of none. 
Alternatively, the dynamo model actually re- 
quires rapidly spinning systems to have strong 
‘magnetic fies. Although core-collapse bom-fast 
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Fig. 1. Residual pulse arrival times as a function of orbital phase (mean anomaly) for 
PSR 11903+0327 after subtraction of the bestfit timing model The timing residuals are from 
‘observations made with the Arecibo telescope (blue circles), the Westerbork Synthesis Radio Telescope 
(fed triangles), and the Green Bank Telescope (green crosses) and are defined as observed minus 
model. (Top) The measured timing residuals if no orbit is accounted for. The resulting curve is the 
Roemer delay (i., the lighttravel time across the orbit), and its nonsinusoidal shape shows the large 
‘eccentricity (e = 0.44) of PSR J1903+0327. The uncertainties on the data points would be the same as 
in the lower panels, but the scale is different by 2 factor of 10°. (Middle) The same residuals as in the 
‘top panel but with the Roemer delay and all general relativistic delays except for Shapiro delay from 
the timing solution in Table 1 removed. (Bottom) The timing residuals for the full Damour and 
Deruelle General Relativistic (ODGR) timing model described in Table 1, which assumes that general 
relativity fully describes the parameters of the binary system (32). The weighted root-mean-square 
timing residual shown here & 1.9 us. 
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‘mechanisms seem to be ruled out, the accretion- 
induced collapse of massive and rapidly rotat- 
ing WDs to NSs might form MSPs (22). This 
collapse may be able to produce the observed 
orbital parameters, but the large observed pul- 
sar mass would require the collapsing WD to 
be well above the Chandrasekhar mass and 
would also suggest that the companion should 
be evoived. 

Globular clusters (GCs) are known to be 
efficient producers of MSPs, including those 
in eccentric binaries, as a result of interactions 
between NSs and other stars or binaries in 
their high-density cores. Of the ~130 known 
GC pulsars (23), more than 10% are in highly 
eccentric (e > 0.2) orbits. These numbers, 
combined with the known populations of NSs 
in GCs and the Galaxy, and the respective 
masses of GCs and the Galaxy, imply that 
GCs produce eccentric binary pulsars at least 
1000 times more efficiently per unit mass than 
the Galactic disk. Furthermore, stellar inter- 
actions and exchanges can provide MS com- 
anions for MSPs, although those companions 


should be less massive than the most evolved 
MS stars currently observed in GCs (08 to 
0.9 Ms). 

Although GCs seem a natural formation 
‘ground for PSR J1903+0327, there is no known 
‘GC located near PSR J1903+0327 on the sky, 
nor is there any evidence for an unknown clus- 
ter in the 2MASS catalog (24, in the Spitzer 
Space Telescope Galactic Legacy Infrared Mid- 
Plane Survey Extraordinaire data (25), or in our 
Gemini observations. An intriguing possibility 
is that PSR J1903+0327 was formed in the 
core of a GC and then ejected from the cluster, 
possibly in the same interaction that induced 
the orbital eccentricity we observe today. This, 
would have to have occurred sometime within 
the past ~1 to 2 Gy Ge., within the charac- 
teristic age of the MSP). Detailed simulations 
of NS interactions in GCs have shown that up 
to ~50% of recycled NSs are ejected within the 
~10 Gy lifetimes of the GCs (26). Once the 
pulsar has left the cluster, it drifts far away 
from its parent cluster on 10° to 10° year time 
scales. Altematively, the cluster could have been 


Table 1. Measured and derived parameters for PSR }1903+0327. The timing parameters were measured 
using the DE405 solar system ephemerides (32) and the DDGR timing model, which assumes that general 
‘elatvity fully describes the parameters of the binary system (32). A total of 342 pulse arrival times measured 
between MJDs 53990 and 54568 were fit. The numbers in parentheses are tice the TEMPO-eported 1-0 
uncertainties in the leat significant digit or digits quoted as determined by a bootstrap error analysis. The 
distance is inferred from the NE2001 free-electron density model (14). Ensemble distance measurements 
using this model have an estimated err of 25%, although errors for individual pulsars may be larger. 


Timing parameters assuming general relativity 


Right ascension (12000) 
Declination (12000) 


19° 03" 05.'793686) 
03" 27° 19."2220011) 


Spin period (ms) 2.1499123298435(3) 
Period derivative (s/s) 1187912) x 10? 
Dispersion measure (pc cm-?) 2975377) 
Epoch of period (8]0) 542800 
Orbital period (days) 95.1741176(2) 
Projected semi-major axis (t's) 1105.60585(11) 
Eccentricity 0.436678411(12) 
Longitude of periastron 1416577944)" 
Epoch of periastron (MJD) 54063.8402308(5) 
Total system mass, Ma (Ms) 2795) 
Companion mass, Mz Ws) 1051(15) 

Other parameters 
Scattering time at 1.4 GHz (ms) 0.26) 
1.4-GHz flux density (mly) 2B3@) 
2-GHe flux density (mly) 
5-GHe flux density (mly) 
Spectral index 

Derived parameters 
Galactic longitude (2000) 
Galactic latitude (2000) i 
‘Mass function (Me) 0.1396076(2) 
Distance (kpc) ~64 
Surface dipole magnetic field strength (Gauss) 20x 10 
Characteristic age (Gy) 18 
Spin-down luminosity (ergs 5-2) 75x10" 
Advance of periastron (deg yr-*) 2.4602) x 10 
Orbital inclination 7a" 
Pulsar mass, My (Me) 1748) 
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disrupted during orbital passages through the 
Galactic disk and bulge within the past ~1 Gy 
(27). Rough estimates based on the masses and 
densities of the GC system and the Galactic disk 
suggest (See supporting online material) a 1 to 
10% chance that PSR J1903+0327 originated 
ina GC. The characteristic age of the pulsar is 
pethaps the biggest challenge for a GC ex- 
planation, because it requires that the newly 
made MSP had one or more violent inter- 
actions that replaced the star that recycled the 
NS, and then was displaced enough from the 
GC such that the GC is no longer visible to us, 
all within ~2 Gy. 

Ina third formation scenario, PSR J1903+0327 
is part of a primordial hierarchical tiple sys- 
tem. In such a system, the inner binary evolves 
normally. In this case, the secondary mass like 
ly needs to be quite fine-tuned to produce a 
highly recycled massive MSP while still pro- 
ducing a high-mass (0.9 to 1.1 Me) WD in 
a wide circular orbit, although no such bor- 
derline systems have been observed to date. In 
this scenario the WD is the companion seen in 
the timing. The third star in the system, now the 
MS star that we detect as the infrared counter- 
part, is in a much wider and highly inclined 
orbit around the inner binary. Secular perturba- 
tions in such a system can cause large os- 
cilations of the inner-binary eccentricity and the 
outer-orbit inclination (so-called Kozai cycles) 
(28), Especially for a cycle period resonant with 
the inner-binary relativistic periastron advance at 
~2 * 10° years, a 0.9 Ms MS star ~120 astro- 
nomical units out in a highly inclined ~700-year 
orbit can induce large inner-binary eccentricities 
(29). Initial estimates (sce supporting online 
‘ateria) for the formation and survival proba- 
bility of such a triple system suggest that a few 
percent of observed NS-WD binaries could be 
members of hierarchical triples. As such, it 
seems plausible that after finding ~S0 pulsar- 
WD binaries, we have now found the first in a 
hierarchical stellar tiple. 

‘A related scenario that avoids the need for 
formation of both a fully recycled MSP and a 
high-mass WD companion (which has never 
been observed) has PSR 31903+0327 recycled 
as part of a compact inner binary in a hierar- 
chical triple, in a configuration recently sug- 
gested for 4U 2129+47 (30), The MSP then 
ablated away its WD companion and was left in 
2 95-day eccentric orbit around the MS star we 
now observe, 

Further observations of PSR J1903+0327 
will allow us to decide between these (or other) 
formation scenarios. A measurement of a large 
projected space velocity (100 to 200 km s), 
by long-term timing or very-long-baseline inter- 


reveal its spectral type and metallicity, both 
possible indicators for or against a GC origin, 
and will show whether it exhibits the 95-day 
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FFig. 2. Rotation period, period de- 
rivatives, and orbital eccentricities 
(for binary pulsars) of pulsars in 
the disk of the Galayy. The bottom 
face of the cube shows a plot of 
‘oation period versus rotation peri 
‘derivative forall Galactic pulsars. 
Colored points show the binary 
pulsars, projected upward from the 
bottom face in proportion to their 
orbital eccentricities. Square blue 
points are double neutron star 
systems, triangular green points are 
pulsars with MS of massive com- 
panions, circular yellow points are 
pulsars with white dart or sub- 
wart companions, and the red star 
4s PSR 11903+0327, which occupies 
a unique place in the diagram. 


Orbital Eccentricity. 


‘0.001 


Fig. 3. A K-band image of the 
PSR J1903+0327 field taken dur- 
ing excellent seeing conditions 
(0.3 to 0.4") with the Gemini North 
telescope. The red circle shows the 
2c error circle, with radius 0.32" 
(produced by the frame-tie uncer 
‘antes in right ascension and dec- 
lination), for the position of the 
pulsar based on astrometric calibra- 
tons made with the 2MASS catalog. 
‘The star within the error circle is 
the possible MS companion to the 
pulsar. 


Deetination (s2000) 


orbital motion of the pulsar. If the star is the 
companion, the radial-velocity curve will further 
constrain the masses of both the pulsar and the 
companion. Additionally, if the MS companion 
is confirmed to be more massive than ~1 Ms, it 
will likely mule out a GC origin because MS 
stars of that mass in clusters have already left 
‘the MS. Finally, long-term and higher precision 
timing of the pulsar will dramatically improve 
the relativistic parameters of the system (and 
‘therefore the derived masses) and will reveal 
secular changes in the spin and orbital parameters 
caused by the presence of a thind star or by 
classical effects from the rotation of a MS 
companion. 
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Predictive Behavior Within Microbial 


Genetic Networks 


Hlias Tagkopoulos,*** Yir-Chung Liu,*?* Saeed Tavazoie**t 


‘The homeostatic framework has dominated our understanding of cellular physiology. We question 
whether homeostasis alone adequately explains microbial responses to environmental stimuli, and 


explore the capacity of intracellular networks for predictive behavior i 


a fashion similar to 


‘metazoan nervous systems. We show that in silico biochemical networks, evolving randomly under 
precisely defined complex habitats, capture the dynamical, multidimensional structure of diverse 
environments by forming internal representations that allow prediction of environmental change. 
We provide evidence for such anticipatory behavior by revealing striking correlations of Escherichia 
coli transcriptional responses to temperature and oxygen perturbations—precisely mirroring the 
covariation of these parameters upon transitions between the outside world and the mammalian 


gast 


intestinal tract. We further show that these internal correlations reflect a true associative 


learning paradigm, because they show rapid decoupling upon exposure to novel environments. 


though originally conceived in the con- 
text of human physiological adaptation 
(2), homeostasis has also become the de 
facto framework for understanding cellular 
behavior, In its most essential form, the homeo- 
static response is an attempt to maintain the 
“constancy of the internal state” in response to 
perturbations resulting from environmental fic- 
tuations (€.g,, expression of osmoprotectants in 
response to osmolarity stress). When such fluc- 
tuations are essentially random (unpredictable), 
the cell may directly or indirectly sense the 
perturbation and enact the appropriate response 
program. On the other hand, if such variations are 
perfectly predictable, such as periodic changes in 
photon flux due to Earth's rotation, an intemal 
‘model (circadian rhythm) can be used to antic- 
{pate relevant changes. The organism can then 
‘mount a “preemptive” response—for example, 
by gearing up the photosynthetic machinery 
before sunrise. The widespread use of intemal 
circadian mode!s, from unicellular eyanobacteria 
to humans (2), suggests that this predictive mode 
of behavior confers considerable fitess advan- 
tages to organisms that have evolved it 
Environmental variables that show pure!y ran- 
dom fluctuations or perfectly periodic rhythms 
define idealized extremes. In fact, some param- 
ters whose fluctuations may seem random when 
viewed in isolation can nonetheless be highly 
“predictable” when considered in the temporal 
context of variation in other parameters (Fig. 1) 
‘As such, variations in one environmental variable 
can convey substantial information about varia- 
tion in another. For example, a bacterium may 
experience strong covariation in temperature and 
photon fux as it traverses the upper layers of 
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stratified marine ecosystem. Such temporally 
structured correlations can exist on multiple time 
scales, reflecting the highly structured (non- 
random) habitats of fre living organisms. Tem- 
poral delays are a typical feature of these 
‘correlations. For example, an increase in temper- 
ature may herald an impending decrease in O2 
levels some 20 min later. An organism that is 
‘capable of leaming (intemalizing) these comela- 
tons can then exploit them in order to anticipate 
vital changes in the environment—for example, 
preparing for resource fluctuations or mounting 
Protective responses to extreme perturbations. 
‘Within metazoans, the basic capacity for pre- 
architecture. Here we hypothesize that an analog 
of this capacity, implemented by networks of 
‘biochemical reactions, exists in unicellular mi- 
‘crobes. To demonstrate this potential, we have 
developed a biochemically realistic computer 
‘simulation for evolving populations of organisms 
under precisely defined environments where 
multiple time-varying signals encode information 
about resource abundance. Randomly evolving 
biochemical networks of these organisms form 
internal representations oftheir dynamic environ 
‘ments that enable predictive behavior. We pro- 
‘Vide experimental evidence for this capacity by 
revealing strong comelations in genome-wide 
‘transcriptional responses of E. coli to transitions 


Fig. 1. Predictability emerges 
from temporal context of correlated 
random variables. When viewed in 
isolation, events X and Y have a 


efit 
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{in oxygen and temperature. These correlations do 
not reflect an essential biochemical coupling 
between oxygen and temperature because they 
are rapidly decoupled in the context of selection 
in a novel environment. 

Emergence of predictive behavior in 
simulated biochemical networks. Computa- 
tional simulations of biological systems are 
yielding unique insights into a variety of 
fundamental questions in biology (3-0). We 
developed a simulation framework, called Evo- 
ution in Variable Environment (EVE), aimed at 
exploring the capacity of biochemical networks 
to evolve predictive internal models of complex 
environments (J/). Within EVE, biochemical 
networks are structured around the “central 
dogma” and they evolve in an asynchronous 
and stochastic manner, achieving the temporal 
dynamics of cascades of biochemical interactions! 
‘wansformations (including transcription, transla 
tion, and protein modification) that are present in 
real cells (Fig. 2A). Each node in the biochemical 
network of an organism is parameterized by sev- 
cral continuous variables mapping to biological 
jparaenciers such ax basal expression, degradesion, 
and regulatory strength. At any point during the 
simulation, random mutations (¢g., transcription 
rate change, node duplication, node deletion) 
may alter any of the organism's parameters and 
consequently its phenotype (Fig. 2B). Environ- 
‘mental signals, conveying information about 
resources, may couple and stochastically regulate 
any action (eg., transcription, translation, or 
transformation) in the organism's intemal net- 
work. A node can regulate any other node, 
although one may restrict unlikely interactions 
using a probabilistic model (for instance, we may 
choose to make RNA-mediated protein mod- 
ification a rare event). Each organism possesses a 
generic and stable response pathway through 
Which it can interact with the environment, 
whether for energy extraction or response to 
stress. Expression of the response pathway is 
modeled to have a high energy cost; thus, there is 
strong selection for organisms whose response 
comelates with the appropriate environmental 
event (e.g, presence of food), Organisms evolve 
in the context of a constant population size, 
here growth rate is directly proportional to the 
amount of energy per cell. The energy of each 


random temporal structure (le) as Tire = 
manifested by the large uncertainty to 5 

in the inter-event interval x, and +, Y zx 

(tight. However, the occurrence of 7 
event X i highly predictable within Time 

the temporal context of event Y Te = 

(eto, wih a relatively tight dé- yy af 
tribution of temporal delay between ** ©. 

‘the two events t,, (right. Time to 
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cell depends on the enengy extraction rate from 
‘the environment as well as on the metabolic 
demands of expressing and maintaining network 
components (Fig. 2C). 

Within this in silico ecology, evolving orga- 
nisms with random inital networks compete 
against each other in structured environments 
where signals and resources fluctuate with a dis- 
tinct temporal correlation structure. In a typical 
experiment, the combinatorial states of multi- 
ple signals convey information about the avail- 
ability of extractable energy resources in the 
near future, Cells that can efficiently “learn” such 
correlations are able to express the energy- 
extracting metabolic pathway at the appropri 
ate time, giving them sizable fitness advantage 
over their competitors 

We conducted large scale simulations of nine 
temporally structured environments across muta 
tion nites spanning four orders of magnitude. A 
variety of environments were imposed, including 
those that selected for one of five delayed logic 
gates, oscillators, bistable switches, and duration 
inference mechanisms, Despite the complex na- 
ture of many of these environments, high-fitess 
organisms emerged with variable success rate in 
every case (table S1 and figs. $4 and $5). 

The full historical documentation of the 
evolutionary process in EVE allowed us to con- 
nect evolutionary dynamics, phenotypic behav- 
for, and network structure in ways that are 
difficult to do in naturally evolved biological 
systems. In a particularly challenging environ- 
‘ment, the abundance of resource (food) is related 
to the signals through a delayed dynamic exciu- 
sive OR (XOR) relationship, where resources 
become abundant shorty (within 1000 time units) 
afer the presence of either signal SI or signal S2 
alone, but not when they co-occur. Fitness is 
defined as the Pearson correlation (PC) between 
the abundance of resource and response pathway 
expression, Interestingly, the fitness trajectory of 
the fitest organism displays nonmonotonic be- 
havior (Fig, 3). In the first $4 » 10° time units 
(1100 epochs), there is no stable phenotype in the 
‘population whose response protein expression 
correlates well with the presence of resources in 
the environment (Fig. 3B, 1). However, several 
advantageous mutations in the next 4.5 « 10° time: 
units (100 epochs) lead to a phenotype where the 
expression of the response protein loosely 
couples to the presence of signal SI and the 
absence of signal S2 (Fig. 3B, 2). Subsequent 
‘mutations give rise toa fit (PC> 0,8) but unstable 
phenotype (Fig. 3B, 3) where a noisy dynamic 
XOR is achieved. Instead of stabilization of the 
fittest phenotype at the time, we observe an 
abrupt decline of fitness and subsequent fixation 
to a suboptimal fimess peak (Fig. 3B, 4). The 
next fitness increase occurs afier 3.6 « 10° time 
units (800 epochs) when a gene duplication event 
(fig. $6) allows the newly formed gene and its 
protein and modified protein products w take on 
their own course in evolution, thus giving rise to 
am optimal final phenotype (Fig. 3B, 5). The 


‘evolutionary impact of gene duplication was also 
‘observed in other experiments, most of which 
displayed monotonically increasing fitness trajec- 
tories (igs. S7 and $8). 

‘The evolved biochemical networks displayed. 
1a high leve! of redundancy, as the majority of 
single node/tink “knockouts” did not reveal a 
sizable fitness effect. In an attempt to identify a 
“minimal network” that was sufficient to express 
the evolved behavior, we devised a procedure 
(2D) that sequentially knocks out links until the 
network hits a critical mass that camot be 
reduced without a large (>5%) decrease in the 
‘organism's fitness. We found that such minimal 
networks were considerably more informative 
about the relationship between network structure 
and function relative to the inital networks they 
‘were derived from. 

‘The fill and minimal networks belonging to 
the fittest organism evolved under the deiayed 
XOR selection are displayed in Fig. 4A; the 
‘expression profile of all the nodes in the fall 
network is shown in Fig. 4B. From a total of 31 
Tinks, only 11 were found to be essential as de- 
fined above. Signals SI and S2 serve as direct 
observable environmental inputs, whereas re- 
sources can be harvested only when response 
protein (RPI) is expressed. The presence of SI 
catalyzes the translation of RNA? to P2, which in 
tum leads to the activation of GI and subsequent 
translation of its RNA to PI. Once PI is created, it 
‘can undergo modification and become response 


A 


Fig. 2. Abiochemically realistic 
simulation framework. (A) The 
networks are structured around 
‘the “central dogma”: Activation 
‘of gene transcription creates 
RNA that can be transizted to 
protein, which in turn can be 
‘modified to change its state. (B) 
Possible mutational scenarios 
for generic nodes (representing 
RNA, protein, or modified pro- 
tein). For example, node 3 can 
bbe duplicated (by); be destroyed 
(b3); undergo mild mutation, 
changing the strength of its 
regulation of node 2 (b3); or 


Time N 


protein RPI, However, this step is not completed 
‘immediately, as P2 also inhibits P1’s modification. 
Motification can occur after signal S1 goes down 
and the high degradation rate of P2 leads to its 
rapid drop. This in tum introduces a delay interval 
that i large enough to allow the expression of RPI 
to coincide precisely with the presence of the 
resource, Once expressed, RPI, operating in a 
negative feedhack loop, represses the expression of 
Gl. The low degradation rate of RNAI and seif- 
activation of PI contribute to the network's ability 
to stay in standby mode where PI molecules are 
constantly replenished but not modified to RPI. 
‘With this mechanism, the time delay is easily tuned 
through changes in the kinetic constants of one 
protein, namely P2. Similarly, when only $2 is 
presen, the response pathway is activated through 
PO in an analogous fashion. However, when both 
signals S1 and S2 are present, PO and P2 are 
tunable to activate G1 transcription because the 
two environmental signals cross-catalyze the mod- 
ification of these proteins to their inactive states 
(MPO and MP2), Additionally, the high degrada- 
‘Gon rate of MPO and MP2 makes transitions from 
MPO to PO or from MP? to P2 untikely, 

In general, careful inspection revealed how 
behavior emerges from the topology and K- 
netics of the evolved minimal networks (11). 
However, we found variable success in the 
ability of standard reverse-engineering method's 
(22, 13) to reveal network structure from 
behavior (figs. S14 to S16). 


Time (N+1) 


mutate strongly, causing its decoupling from node 2 and coupling to node 1 (b.). In addition to network 
‘topology, mutations may change node parameters such as basal transcription rate, degradation rate, and 
interaction affinity. (C) Organisms that accumulate enough eneray undergo duplication and increase their 
representation in the population. Duplication is accompanied by deletion of the organism with the least 
‘energy in the population. 
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Correlated transcriptional responses of 
E. colito oxygen and temperature perturbations. 
‘The evolution of predictive behavior in sirm- 
lated networks suggested that this capacity 
right exist in naturally evolved microbial net- 
‘works. Looking forevidence of such predictive 
modeling requires knowledge of microbial 
habitat structures well beyond what currently 
exists for most organisms. However, for some 
microbes, recurrent transitions in and out of 
dominant niche are accompanied by determinis 
tic correlations in important environmental varia 
bles. For example, transition from the outside 
environment into the oral cavity exposes the 
bacterium £ coli to an immediate increase in 
temperature from ambient (<30°C) to 37°C. This 


Asa, 


is followed by an impending drop in oxygen lev- 
els as the bacterium transitions into the gastro- 
{intestinal tract Fig. SA). The complex ecology of 
the mammalian GI tact imposes strong com- 
petitive selection for colonization (14). In this 
setting, appropriate expression of adaptive func: 
tions confers strong fitness advantages. From a 
purely homeostatic perspective, physiological 
transition from aerobic to anaerobic respiration 
Seth aly i Fee see i 
inoxygen levels. However, the fitness benefit 
such a reflexive response will not be optimal, 
terms of shutting down superfluous capacities 
(such as aerobic respiration) as well as the time 
delay required to fully express beneficial fumc- 
tons (such as anaerobic respiration). On the other 
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hand, if bacteria use the immediate increase in 
temperature as a predictive signal of impending 
‘oxygen drop, they could respond in an anticipa- 
tory fashion and be in the optimal physiological 
State atthe time oxygen levels drop. If this were 
‘me, we would expect that an increase in tem- 
perature may lead to a similar physiological re- 
sponse to a decrease in oxygen—even in the 
presence of maximal oxygen levels. 

To test this hypothesis, we used microarray 
transcriptional profiling (/5) to observe the 
global cellular state correlates of such physio- 
logical responses. Oxygen and temperature 
were precisely controlled in the context of 
growth within bioreactors (11). These experi- 
‘ments included temperature transitions between 


3. Emergence of a delayed XOR phenotype. (A) Fitness trajectory of 
an experiment where the presence of one (and only one) signal indicates 
the future availability of resources. Red and black lines correspond to the 
hhighest and mean fitness in the population at each epoch (4500 time 
units), respectively. (B) The phenotypic behavior of the fittest organism at 


A Signal S2 Signal S1 


Fig. 4. Network topology and expression profiles of molecular 
components. (A) The regulatory network of an organism evolved under 
low mutation rate within a delayed dynamic XOR environment. Each node 
represents mRNA/SIRNA (RNA), protein (P), or modified protein (MP). The 
environmental resource harvested at each time point is proportional to 
‘the number of response protein molecules (red RP1 node) and resource 


Signal 4 


Signal 2 
Time 


different points along the evolutionary trajectory. Each subplot consists 
of four rows. The first row depicts the abundance profiles of the RNA 
(blue), protein (green), and modified protein (red) of the response 
pathway. The second, third, and fourth rows correspond to resource 
abundance and environmental signals $1 and 52, respectively. 


o 


Expression 
anegabarigad 


abundance at the time. Regulatory interactions can be positive 
(activating; red arrows) or negative (repressing; blue arrows). Solid lines 
Tepresent essential links. (B) Expression profile of all nine nodes, 
environmental signals (51 and $2), and resource (R) during two epochs 
(9000 time units). The color scale refers to the number of molecules 
present. 
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25°C and 37°C, and shifls between anaerobic 
(0% dissolved 03) and aerobic (16 to 21% 
dissolved ©;) growth. Duplicate experiments 
revealed highly reproducible temperature and 
oxygen profiles (fg. S17) and gene expression 
paticms (fig. S18) 

Consistent with the predictive behavioral 
framework above, we found a striking comela- 
tion between global transcriptional responses to 
temperature upshift and oxygen downshift, cor- 
responding to the transition of E. coli into the GI 
tract (Fig. 5A), For instance, we found a highly 
significant overlap between the set of genes 
down-regulated by temperature upshift and those 
down-regulated by oxygen downshift. (hyper 
geometric P< 10°), As predicted, these genes 
are highly enriched for aerobic respiration func- 
tions such as the tricarboxylic acid eyele (TCA) 
and glyoxylate cycle (P< 10) and cytochrome 
bos oxidase complex (P < 10), the dominant 
electron donor under aerobic conditions (/6). 

‘Likewise, temperature downshift and oxygen 
upshifi—corresponding to the transition out of 
‘the GI tract—induced strikingly similar gene ex. 
pression responses (P<10-*) (ig. $19). We also 
compared the global similarity in transcriptional 
responses through Pearson correlation (Fig. SB). 
As expected, oxygen downshift and oxygen 
upshift are highly anticomelated (Pearson r ~ 
~0.50; P< 10°"), as are reverse perturbations in 
temperature (r = -0.56; P< 107"). The strong 
correlation between temperature upshift and 
oxygen downshift was most strking (r= +0.39; 
P<10™), consistent with the similarity in dif- 
ferentially regulated genes. The relatively small 
comelation between oxygen downshift and un- 
related perturbations such as ultraviolet exposure 
7) (= 0.06; P< 0.02) and osmolarity stress 
(18) ( = 0.11; P< 10") makes it unlikely that 
these comelated behaviors may be due to a 
generic response to extemal perturbations (Fig. 
5B), as seen, for example, in the common 
“stress” response in yeast (19). What is remark- 
able is the rapid transcriptional reprogramming 
from aerobic to anaerobic, during temperature 
increase, as reflected by the strong repression of 
genes encoding components of the TCA eycle 
and cytochrome bos oxidase complex (Fig. 5C). 
‘These changes are accompanied by concomitant 
induction of genes encoding components of 
cytochrome bd oxidase complex—the preferred 
electron donor in low-oxygen environments (16) 
ig, 5C), Strikingly, this anaerobic transcription- 
al reprogramming occurs under a highly aerobic 
environment (18% dissolved O3), representing a 
seemingly maladaptive response—at least from 
‘the perspective of a homeostatic behavioral 
framework. Altematively, the anticipatory repres- 
sion of oxidative respiration seems adaptive 
when viewed in the context of the ecologically 
crucial transition of E. coli from the extemal 
World into the mammalian GI tract. 

We observed that a temperature upshift (25°C 
to 37°C) led to the induction of the heat shock 
response regulon, a set of operons activated 


through the expression and activity of the o™ 
altemative sigma factor (20), This robust re- 
‘sponse allowed us to explore the possibility of a 
reciprocal associative coupling, in which oxy- 
gen downshift leads to the induction of heat 
‘shock response in much the same way as tem- 
‘perature upshift causes respiratory repression. 
Remarkably, this is exactly what was observed 
ig 5C). 

Novel environment decouples correlated 
‘transcriptional responses. Strong correlations 
in the expression of distinct biochemical path- 
‘ways may reflect compatibility or mutual de- 
pendence between pathway operations—as seen 
in the spatiotemporal separation of photosyn- 
thesis and nitrogen fixation in cyanobacteria 
(21)—tather than reflecting ecological structure 
pper'se.To show that the observed coniations are 
due to an “associative leaming” paradigm, we 


Previous evolution experiments in bacteria 
have focused mostly on adaptation to “steady- 
state” conditions, with sizable fitness increases 
(30%) occurring only after thousands of gen- 
rations (22). Remarkably, we witnessed large 
increases in reproductive fitness occurring in 
fewer than a hundred generations (Fig. 6B). 
Population growth rate increased only marginally 
in the 25°C and 0% O- regime, but showed more 
than a 50% increase within the 37°C and 21% O2 
regime. We attribute this rapid increase in fitness 
to the strength of recuming selection occurring 
over many cycles. Isolation of individual bacteria 
and competition with the parental strain (23) 
confirmed the fitness advantage of the evolved 
stain (fg. S21), 

To more precisely characterize the nature of 
the fitness gains, we monitored growth rates of 
the parental and evolved strains at a higher t 


‘evolved a population of E. coli under a dynamic 
ccavironment where temperature and oxygen fuc- 
tuations had a temporal relationship counter to 
that expected in nature (Fig. 6A). Wild-type 
E.coli should perform poorly in this environ- 
‘ment, because a temperature upshift will cause 
repression of acrobic respiratory pathways, just 
‘when oxygen saturation has achieved maximum 
levels. This inverted environment imposes strong 
selection for bacteria that fully or partially de- 
‘couple the native behavior because it is highly 
‘maladaptive. If such a reprogramming can occur, 
then the originally observed comrelated responses 
to temperature upshift and oxygen downshift 
‘camot be due to hard biochemical constraints, 
butrather isa reflection of a common response to 
comelated changes in temperature and oxygen 
that has evolved over geological time scales. 


Fig. 5. Global responses to A 
‘oxygen and temperature perturba- 
‘tions reflect ecological comelation 
structure. (A) Transition of E. col 
between the outside environment 
and the mammalian Gi tract is 
‘accompanied by anticorelated 
‘changes in temperature and cay 
‘gen. Correspondingly, highly sig- 
nificant overlap & seen in ses of 
genes dovn-regulated by temper- 
‘ature upshift and oxygen down- 
shift (transition into the Gl tract 
P< 10. Similarly, a highly 
significant overlap fs seen in ets of 
‘genes induced by temperature 
downshift and oxygen upshift 
(tansition out ofthe GI track P< 
10. (B) Pearson correlation of 
‘lobal changes in gene expression 
between oxygen downshift and 


poral resolution across a single cycle of selec- 
tion (Fig. 6C). As expected, the increase in 
growth rate of the evolved strain was mast pro- 
nounced immediately after the temperature 
upshiff, with maximal difference occurring im- 
mediately after the upshift in 02. This suggests 
that at least part of the adaptation may have been 
due to the expected decoupling between temper- 
ature upshift and repression of aerobic respira 
tion. To test this possiblity, we performed 
‘transcriptional profiling of parental and evolved 
strains in the context of a temperature upshift 
fom 25°C to 37°C. We used Pearson correlation 
tomeasure the global similarity in transcriptional 
responses between the original oxygen downshift 
perturbation and temperature upshift. As can be 
seen, the strong correiation between oxygen down- 
shift and temperature upshifi is considerably 
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Box, 
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other perturbations: oxygen upshift ¢ = -0.50; P< 10-™), temperature upshift (r = +0.39; P< 10"), 
ultraviolet exposure (r= —-0.06; P < 0.02), and osmolarity stress (r= 0.11; P < 10~”). (C) The average relative 
‘change (logs) of TCA (acnA, aenB, fms, git, maha, sha, sdhB, sucB, sucC, and sucD), cytochrome bos (cya, 
1708, CyOC, CYOB), cftochrome bd (q¥dA and cydB), and heat shock-regulated (dp8, dna], grpE, hs, hslV, 
‘PipX, and lon) genes displaying reciprocal cross-regulation of aerobic respiration and heat shock in response to 


temperature and oxygen perturbations. 
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reduced in the evolved strain relative to the pa- 
rental strain, both at early (16 min; parental, r= 
053; evolved, r = 0.19) and late (44 min; 
parental, r= 0.39; evolved, r= 0.06) time points 
ig. 6D). This global decrease in correlation in 
the evolved strain was accompanied by a marked 
reduction in repression of TCA and cytochrome 
bos oxidase genes, as well as reduction in the 
activation of genes encoding cytochrome bd oxi- 
dase (Fig. 6F), 

Dynamic representations and predictive 
behavior. Molecular interactions and catalytic 
transformations are the fimndamental building 
blocks in all cellular processes. We have shown 
that randomly evolving networks composed of 
these basic elements are able to intemalize 
dynamic representations of their complex envi- 
ronments, enabling predictive behavior, and that 
this ability explains the seeming'y maladaptive 
responses of E. coli to transitions in oxygen and 
temperature. Although the comrelated responses 
wwe observe precisely comespond to transitions of 
E, coli between the outside world and the mam- 
‘malian GI tract, itis formally possible that they 
‘may be due to some other unknown ecological 
structure in the wild, What i critical, however, is 
that these correlations show “plasticity” over the 
course of laboratory experimental evolution. Our 
findings motivate an alternative interpretation of 
cellular responses to nominally stress stimuli 


(24; such “stresses” may be important to the 
‘organism not because of their immediate and 
direct fitness consequences, but in the informa- 
tom that they convey about the overall state ofthe 
‘environment and its likely trajectory. 

Here, we have focused on the utility of team- 
{ing temporally phased comelations for predicting 
sequential events in the environment (e.g. tem- 
‘perature upshifi followed by oxygen downshift) 
However, the reciprocal cross-regulation of heat 
shock response and respiratory repression (Fig. 
SC) suggests that E. coli also uses the simulta- 
‘neous co-occurrence of events to reinforce per- 
ception of its immediate environment. More 
generally, the comelation structure of the en- 
vironment can be intemalized as a probabilistic 
model in the high-dimensional space of an 
organism's complete sensory perception. As 
such, the very orgnnization of microbial regu- 
latory networks may, in large part, represent the 
physical instantiation of this probabilistic mode!. 
From this perspective, inferences regarding the 
functional utility of biological networks, inciud- 
ing notions of modularity and optimality, may be 
incomplete, or even inaccurate, without consid- 
ring habitat structure. Experiments ofthe flavor 
‘we have presented here may allow biologists to 
essentially go in the opposite direction and 
“reverse-engineer” ecological structure from 
physiological observations in the laboratory. 


4 


Fig. 6. Partial decoupling of correlated responses over 
the course of laboratory experimental evolution. (A) 
Experimental evolution of E coli under a dynamic 
‘environment where temperature and oxygen vary in an 
‘opposite pattern to the ecologically native structure. An 
‘oxygen transition from 0% to 21% occurs 40 min after 
«a temperature transition from 25°C to 37°C. Similarly, 
‘oxygen transition from 21% to O% occurs 40 min after 
a temperature decrease from 37°C to 25°C. Duration 
intervals were sampled randomly from 2 Gaussian 
distribution to avoid periodic selection (22). (B) 
Progressive increase in population grovah rate over 
the course of 42 cycles of selection. Growth rate within 
the optimal regime @7°C and 21% oxygen) showed 
more than 2 50% increase, whereas growth rate 
increased only marginally within the 25°C and O% 
‘oxygen regime. The measurement circled in green isan 
‘outer. (C) High-resolution monitoring of growth rate in 
the parental and evolved strains shows that the fitness 
differential is maximal immediately after the orygen upshift.(D) Pearson correlation of global changes in 
gene expression between the oxygen downshift and temperature upshft perturbations in the parental and 
evolved strains at 16 and 44 min after the temperature upshift. (E) Average relative change of gene 
expression for the TCA, cytochrome bos, and cytochrome bd gene sets at 16 min aftera temperature increase 
in both the parental and evolved strains. 
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Although our work on E. coli focused primarily 
fon parameter changes that reflect macroscopic 
transitions in the environment, the dominant 
forces shaping microbial regulatory networks 
are likely to arise from microscopic corelation 
structure present in the complex chemistry of 
{ntra- and interspecies interactions (25, 26). 
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A Transient Radio Jet 
in an Erupting Dwarf Nova 


Elmar Kérding,”* Michael Rupen Christian Knigge,* Rob Fender,? Vivek Dhawan? 
‘Matthew Templeton,? Tom Muxiow* 


Astrophysical jets seem to occur in nearly all types of accreting objects, from supermassive black 
holes to young stellar objects. On the basis of x-ray binaries, a unified scenario describing the 
discijet coupling has evolved and been extended to many accreting objects. The only major 
exceptions are thought to be cataclysmic variables: Dwarf novae, weakly accreting white dwarfs, 
show similar outburst behavior to x-ray binaries, but no jet has yet been detected. Here we present 
radio observations of a dwarf nova in outburst showing variable flat-spectrum radio emission 
that is best explained as synchrotron emission originating in a transient jet. Both the inferred jet 


power and the relation to the outburst cycle are analogous to those seen in x-ray binaries, 
suggesting that the discjet coupling mechanism is ubiquitous. 


ets launched by accreting objects seem to 
bbe a ubiquitous phenomenon, suggesting 
that aceretion and jet launching may be in 
trinsically coupled. Jet emission from accreting 
white dwarfs (WDs) has been reported for super- 
soft sources (WDs with themmomiciear burning) 
(D) and symbiotic stars (highly accreting binary 
systems) (2). However, no jets have been found 
{n cataclysmic variables (CVs), except perhaps 
afier Nova eruptions (3). In fact, the lack of jet 
emission from dwarf novae (DNe), a class of 
weakly accreting nonmagnetic CVs, has been 
used as a constraint for et-aunching mech 
of accreting objects (4,5). Radio emission, which 
is offen used as a tracer for a jet, has only spo- 
radically been found for nonmagnetic DNe (6, 7), 
and the radio detections are usually not repro- 
ducible (6). It has thus been suggested that the 
radio emission is comelated with the optical out- 
burst (9). Xray binaries (XRBs), which do show 
Jets, share many properties with DNe: The trig 
ering of an outburst as well as the subsequent 
evolution of the accretion disc (for example, 2 
truncated disc) are thought to be similar (10). 
XRBs can be well studied throughout a full 
outburst cycle because the time scale from qui- 
escence to the peak of the outburst and back 
ranges from weeks to months (1/). The aceretor 
in XRBs may be either a black hole or a neutron 
star. One of the main results of the study of black 
hole XRBs is the establishment of accretion 
states (/2), through which a source moves in a 
predefined onder (J3), and their associated jet 
properties. These states can be well separated on 
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a hardness intensity diagram (HID) (1/). At the 
beginning of the outburst, the source shows a 
hard x-ray spectrum and usually shows radio 
emission originating from a jet (the hard state, 
‘zone A in the left pane! of Fig. 1) (14). The source 
brightens while staying in the hard state until it 
makes a transition to the soft state character- 
ized by a soft x-ray spectrum. This transition is 
typically accompanied by a bright radio flare 
‘once the source crosses the jet line; after this, 
the core radio emission is quenched in the soft 
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Neutron Star 


PREPORTS 


state (13). During the decay of the outburst the 
source moves back to the hard state—albeit at 
a lower luminosity than the hard-to-soft transi- 
tion (73), Although the nomenclature of neutron 
sar XRB states is different, one can map the neu- 
‘won star states onto the black hole equivalents 
(5), This can be visualized in a HID, where they 
follow basically the same pattern (16) as shown 
in the middle pane! of Fig. 1. The main differ- 
ence, with respect to their radio emission, is that 
the radio emission is only suppressed by a factor 
of ~10 when the source is in the analog state of 
the soft state (17). The different behavior may 
be due to the existence of a boundary layer in 
neutron star XRBs, which does not exist in the 
black hole case. 

‘The analogy between XRBs and DNe can be 
visualized by constructing a disc-fraction lumi 
nosity diagram (18) of a dwarf nova (DN) (Fig. 1, 
right pane!), which is a generalization of the HIDs 
used for XRBs. For a DN, the inner region of 
the accretion flow is truncated by the stelar sur- 
face and its boundary layer The boundary layer 
is thought to be the origin of the x-ray and 
treme ultraviolet (UV) emission, The dise-fraction 
plotted in Fig. 1 describes the optical depth of 
the accretion flow for UV emission. The described 
analogy between XRBs and CVs suggests that 
radio emission from a DNe should be most prom- 
{nent during the initial rise zone A in Fig. 1) 
and the subsequent state transition to the soft 
state. However, the time scale of this rise is 
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Fig. 1. HID for a black hole, a neutron star, and the DN SS Cyg. The arrows indicate the temporal 
evolution of an outburst. The dotted lines indicate the jet line observed in black hole and neutron star 
.XRBs: On its right side, one generally observes a compact jet the crossing of this line usually coincides 
with a radio flare. For SS Cyg, we show a discfraction luminosity diagram. We plotted optical flux 
against the power-law fraction measuring the prominence of the “power-law component” in the hard 
‘ray emission in relation to the boundary layer/accretion disk luminosity. This power-law fraction has 
similar properties to the x-ray hardness used for XRBs. The diagram is based on data from (16, 29), and 
‘we used their conversion factors from extreme UV counts to discboundary layer luminosity Lp. The x-ray 
luminosity L», for $5 Cyg is for the 3 to 18-KeV energy range. For the other objects, the hardness ratio 
is defined as the ratio of the counts in the 6.3 to 10.5-keV range to the 3.8 to 6.3-keV range, and the 
‘tay counts represent the 3.8 to 21.2-keV counts of the Rossi X-ray Timing Explorer. 
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usually on the onder of 24 hours, making this 
phenomenon hard to catch. 

To observe a DN in the radio band during 
the rise of an outburst, the American Asso- 
ciation of Variable Star Observers (AAVSO) 
monitored a sample of 10 DNe on our behalf. 
On 13 April 2007, we received notice from 
the AAVSO that the prototypical DN, SS Cyg, 
had brightened to a magnitude of 11.3 in the V 
band, indicating the onset of an outburst. We 
subsequently triggered Very Large Array (VLA) 
observations at 86 GHz, which started ~10 
hhours affer the initial optical observation. A 
typical observation (phase referenced to BL 
Lacertae) lasted for 2 hours and had a noise of 
20 microjanskys (uly) per beam. 

We detected SS Cyg at 8.5 GHz during this 
long optical outburst. Slightly afier the begin- 
ning of the outburst, we detected a fast rise of 
the radio fux to 1.1 mly that immediately de 
clined again to a flux of ~0.3 mby. This fx 
declined further with time, though more slowly 
than did the optical emission (Fig. 2). During 
the L.L-mly “flare,” we found upper limits for 
the linear polarization and circular polarization 
of 3.2 2.7% and -3.2 + 2.7%, respectively. 
During the decline of the outburst we also ob- 
served the source twice at 4.9 GHz, in addition 
to the 8.5-GHz observations. Both observations 
indicate that the source had a slightly inverted 
spectrum with an average spectral index of a = 
03 £02 (flux 8, ~v*). 

We also detected SS Cyg with the Multi 
Element Radio-Linked Interferometer Network 
(MERLIN) at 1.66 GHz as a point source with 
0.79 0.10 mly, 13 hours after the detection of 
the radio flare with the VLA. These observations 
(at higher angular resolution than the VLA) in- 
dicate that the source of the radio emission is 


‘smaller than the beam size of ~0.2 arc sec. The 
position of the radio emission as measured by 
“MERLIN is in agreement with the VLA position 
and coincides with the optical position of SS 
Cyg (nominal offset of 27 milli-are sec when 
including proper motion). We did not detect any 
proper motion of the radio source associated 
‘with SS Cyg in our VLA images (average VLA. 
beam size is 11 by 7 are sec; nominal offsets of 
<2 arc 2) 

‘The only ‘bilities for radio emission from 
a CV ae optically thick or thin thermal emission, 
‘synchrotron emission, or coherent emission pro- 
cesses. From the angular resolution and flux of 
the MERLIN detection, we found a brightness 
temperature of at least 11,000 K. The radio 
‘spectrum of optically thick thermal emission 
‘with such high temperatures has a spectral index 
of ~2, which would predict an 8.5-GHz VLA 
flux density at the time of the MERLIN obser- 
vation of >20 mly, in contrast to the observed 
ight-curve. Optically thin thermal free-free 
‘emission could produce the measured spectrum. 
As the radio light-curve does not directly follow 
the bolometric luminosity of the CV, it is unlikely 
that the emitting gas cloud is detached from the 
accreting system and only reprocesses the en- 
‘ergy emitted from the CV. Thus, the emitting 
gas is likely to originate from the CV. In case of 
an uncollimated outflow (a wind), we obtained 
an upper limit to the 8.6-GHz flux from optical- 
Jy thin thermal emission of 10 * mly (29) by as- 
‘suming that this wind carries all of the accreted 
material (~10 * Mz/year, where Sf denotes a 
solar mass) into the emitting gas cloud. This 
value is far below the measured value. If we 
collimate the outflow (Lc. if we have a jet), we 
‘will obtain higher fluxes. However, as the jet 
‘would have to carry neatly all accreted mate- 
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detection of 0.09 mly, the source brightened to 1.1 mly within 1.3 days and declined again to 0.29 mly 
within 2 days. From there, it declined more slowly than the optical light-curve until it was no longer 
detected in the last epoch (upper limit of 0.08 mly; root mean square value of 17 yly per beam). MD, 
‘modified Julian date. 
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rial and be extremely highly collimated (open- 
ing angle < 0.2°) to obtain the measured flux, 
wwe consider this an unlikely explanation. 

‘Coherent emission is seen only in line emis- 
sion (e.g, masers) and very steep spectrum con- 
timmm emission, as is observed in pulsars or 
flare stars, for example (20). This is inconsistent 
with the ‘measured flat spectrum. For gyro- 
synchrotron emission, we would expect a high 
degree of circular polarization, and our nonde- 
tection thus argues against this emission process. 
Additionally, the magnetic field of SS Cyg is 
thought to be fairly low (21) and should not 
play a dominant role in the emission mecha- 
nism: In onder for the brightness temperature of 
the observed emission during the radio plateau 
not to exceed the Compton limit of ~10"* K, the 
size of the emission region must be larger than 
~60,000 kim, more than 10 times the size of the 
central WD. The magnetosphere of SS Cyg in 
outburst is expected to be smaller than afew 
dwarf radii (22), if it exists at all. Thus, it is 
unlikely thatthe radio emission originates from 
any magnetic accretion processes near the WD. 
‘Synchrotron emission is known to produce a 
very high surface brightness (up to 10°? K) and 
may have spectral indices from -15 to 25, 
depending on optical depth. Thus, itis the best 
possibility for the observed emission. 

‘As we have not resolved the emission region 
‘with our observations, itis hard to assess its ge- 
cmetry. The bes-known geometries are expand- 
ing shells and jets. Shells are commonly seen in 
explosive phenomena like Novae (22) but have 
not been seen ina nonmal DN outburst. Any 
synchrotron emission from a transient shell or 
Jet ejection has a steep spectrum during the de- 
cline, whereas we observe a fiat spectrum during 
the decay. In a jet scenario, the observed be: 
havior can be created by having a compact radio 
Jet during the inital rise of the outburst, then a 
‘ransient ejection followed by a restating com- 
pact jet. This is exactly what was suggested by 
the analogy between CVs and XRBs (Fig. 1), 
which are known to be jet emitters. SS Cyg 
does show radio emission during its soft state; 
this behavior corresponds more closely to that 
observed in neutron stars, possibly because both 
neutron stars and WDs accrete onto a stellar 
surface and hence form a boundary layer. 

For jet-emitting XRBs and active galactic 
nuclei (AGN), the radio emission in the hard 
state correlates well with the power liberated 
{in the accretion flow (23). Taking into account 
that, for a given accretion rate, the accretion 
flow onto a WD liberates roughly 500 times 
Jess power than accretion onto a neutron star, 
we find Feccarz = 0.44 mly (M/10* Mo per 
year)’ (where F is the 8.6-GHz flux ratio, and 
M is the accretion rate) if the system is located 
at the Huibble Space Telescope (HST)-parallax 
distance of 166 pe (24). Typical DNe outbursts 
reach accretion rates of ~10* Mo year’, but 
the HST distance and peak brightness of SS 
Cyg would imply an anomalously high accretion 
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rate of ~107 Mo year! for this system in 
outburst (25). A smaller distance of ~80 pe 
would be required to bring SS Cyg's peak 
aceretion rate inline with typical values for DNe 
25), Using this distance and an accretion rate of 
“5 * 10” Mg year * during the ise, we obtain 
a flux of ~07 mly, in agreement with the 
observations (the uncertainty of the comelation 
{sa factor of ~2). However, ifthe HST distance 
{is comect and the accretion rate is indeed as high 
as ~107 Ma year ', we have to assume an 
accretion rate during the rise of ~3 «10° Mz 
yr '. The predicted radio fux is then ~4 mly, 
‘hich is stil roughly consistent with the mea- 
sured values. In this case, the jet emission of SS 
Cyg, especially during the optical plateau, may 
correspond to the highest accreting states in 
XRBs and not to the hart state. For such high 
accretion rates, jet launching for CVs has been 
suggested by Soker and Lasota (5). 

The similarities in the radio luminosity, as 
‘well as in the relation of the radio emission to the 
aceretion states, suggest that we did observe ajet 
from a nonmagnetic DN. The detection ofa jet in 
aDN with similar dise/et coupling as that seen in 
XXRBs suggests that there may be a common jet- 
launching mechanism in CVs and XRBs. The radii 
of WDs lie roughly halfway in log-space be- 
tween those seen in young stellar objects (YSOs) 
and those of black holes, so WD connect YSOs to 
RBs. With the exception of source classes similar 
to soft-state XRBs, all accretion-powered jet- 


emiting sources from YSOs (26), via AGN 
(27) to gamma-ray bursts (28), seem to have a 
jet-launching efficiency (that is, the ratio of the 
Jetpowerto the power liberated in the accretion 
flow) of ~10%. This suggests that there may be 
‘a common discfet coupling in all accreting 
“objects from YSOs to gamma ray bursts. 
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Identification of Non-Precious Metal 
Alloy Catalysts for Selective 
Hydrogenation of Acetylene 
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‘The removal of trace acetylene from ethylene is performed industrially by palladium hydrogenation 
catalysts (often modified with silver) that avoid the hydrogenation of ethylene to ethane. In an effort to 
identify catalysts based on less expensive and more available metals, density functional calculations 
were performed that identified relations in heats of adsorption of hydrocarbon molecules and 
fragments on metal surfaces. This analysis not only verified the facility of knowm catalysts but identified 
nickel-zinc alloys as alternatives. Experimental studies demonstrated that these alloys dispersed on an 
‘oxide support were selective for acetylene hydrogenation at low pressures. 


he ethylene used in the production of poty- 
‘mers needs to contain less than a few parts 
per million of acetyiene in order not to af- 
fect the polymerization process (1, 2). Ethylene is 
produced in steam crackers and typically con- 
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tains on the onder of 1% of acetylene (3), which is 
removed by hydrogenation, but the hydrogena- 
‘tion process should not convert ethene to ethane. 
‘The most common industrially used catalyst for 
this process is based on Pd modified by the ad- 
dition of Ag (4). This system leaves ample room. 
for improvement, particulariy in terms of price. 
‘We show how altemative alloy catalysts for this 
reaction have been identified. Density functional 
theory (DFT) calculations identified why Ag pro- 
motes the selectivity of the Pd for this process. 
‘We then developed scaling relations between dif- 


ferent adsorption energies of reactants and inter- 
mediates and used that analysis to identify a 
descriptor for both catalytic activity and selectiv- 
ity. We screened a number of alloys as potential 
catalysts and singled out Ni-Zn intermetallic com- 
pounds as promising candidates. Subsequent syn- 
thesis, characterization, and catalytic testing showed 
these systems to have a high selectivity, 
Following Sheth et al. (5-7), we first con- 
sidered acetylene hydrogenation over Pd(111) 
Gig. 1A). The process is facile (under appropri 
ate conditions); acetylene adsorbs exothermally, 
and the transition-state energies for the first and 
second hydrogenation steps are both below the 
energy of gas-phase acetylene. Once ethylene is 
formed on the surface, it can desorb or react 
farther, the latter outcome will lead to the 
unwanted formation of ethane. Ethylene from 
the gas phase can also adsorb on the surface and 
has the same possiblity of further hydrogenation 
to ethane. A selective catalyst that hydrogenates 
only acetylene should have an activation barrier 
for the hydrogenation of ethylene that is greater 
than the barrier for desorption. For Pd(11), the 
two barriers are comparable. For PdAg(I1), the 
barrier for desorption is smaller (Fig. 1A). How- 
ever, the adsorption of acetylene is stil suficiently 


analysis explains the basis for the addition of Ag 
toPd in the industrial catalyst (4-7). Ag primarily 
changes the stability of adsorbed acetylene and 
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ethylene, rather than activation energies. The 
‘meta-independence of the activation barriers for 
‘hydrogenation has also been observed for anum- 
ber of other hydrogenation reactions (8), which 
suggests that the stabilities of the two adsorbed 
species are the dominant parameters determining 
the potential activity and selectivity of the cat 
alyst, as suggested previously by Bond (9). 

The use ofthe acetylene and ethylene heats of 
adsorption, AEe.y, and AEc.y,, as the parame- 
ters determining the tumover nite and selectivity 
is a large simplification. However, calculating 
these energies for a large number of systems is 
still demanding. We can simplify this problem 
considerably by introducing scaling relations be- 
‘tween these adsorption energies and the adsorption, 
energies of even simpler molecules, as ilustrated 
in Fig. 2A. Based on calculations for mumber of 
transition-metal surfaces, we find that the acety- 
lene and ethylene adsorption energies scale with 
the methy! adsorption energies on the same me 
tals. Such scaling relations were first established 
for CH, molecules with differing mmbers of H 
atoms (10). The results of Fig. 2A show that 
scaling relations also exist for more complicated, 
molecules that are of interest in heterogeneous 
catalysis. The slope of the scaling relations is 4 for 
(CoH and 2 for CoH, This result can be viewed as 
a manifestation of bond onder conservation for the 
C atoms; adsorbed CH forms ane 6 bond to the 
surface, whereas CH, forms four o bonds and 
CH forms two. In this sense, the approach is 
related to that of Shustorovich and Bell (/) 

‘A good catalyst is characterized by having a 
high stability of adsorhed acetylene (Ac, as 
negative as possible) and a low stability of ethy!- 
ene (AEo,, a8 positive as possible). The former 
determines the overall rate of acetylene removal, 
‘whereas the latter determines the selectivity. The 
results in Fig. 2A show that AE, and AEC, 
are correlated, and one cannot just find a metal 
‘with a weak ethylene bond and astrong acetylene 
bond; the optimum catalyst is a compromise 

In Fig, 2A, we have illustrated the values of 
Aoi, and AFcy, where the tumover rate is on 
the order of 1's at a total pressure of 1 bar, a 
temperature of 375 K, and 1% acetylene inthe feed 
Mor postive values of Ac, should give lower 
rates, whereas increasing the temperature will move 
the value of Aen, comsponiing toa tumover rate 
of 5 tomore positive values. In Fig. 2A, wealso 
show the values of Foxy, and AE, Where the 
res of ethylene desorption and hydrogenation are 
ccomporable. A larger value of AFcx, will now corm 
spond to a more selective catalyst, Because the act 
vation barrier for the hydrogenation of ethylene, 
Enc, Wil be greater than the desorption activation 
nergy, -AEoy. This analysis leaves an optimum 
snge of values of AB, Because the DFT values 
used in establishing this range have an inherent un- 
certainty, and the mode! we used is simple, we al 
Jowed fora region around these values in our futher 
search for new catalysts as illustrated in Fig. 2B. 

‘We screened about 70 different bimetallic 
compounds made from the elements for methyl 
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binding energies (Fe, Ni, Co, Cu, Pd, Pt, Ag. Au, 
Zn, Cd, Hg. Ga, Tl Ge, Sa, and Pb) Fig. 2B). A 
number of alloys fall in the region of interest. 
Several PdAg alloys are there, as expected, and 
adding more Ag increases the selectivity; in fact, 
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the commercial catalysts contain up to 80% of 
Ag (4). We also identified Pd-Ga, Pd-Pb, and 
‘Pd-Aualloys, which have recently been shown to 
have a good activity and selectivity for this pro- 
cess (/2-15), Because one of the problems with 


Fig. 1. Potential energy diagrams ob- 
tained from DFT calculations for the hy- 
drogenation of acetylene to ethane on 
close-packed surfaces of (A) Pd (black) and 
dag (red) and (B) Nizn. In (A), the rel- 
evant hydrogenation barriers for the hy- 
drogenation of acetylene and ethylene, 
respectively, are highlighted for Pd. 


Fig. 2. (A) Heats of adsorption for acet- A, 
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‘against the heat of adsorption for methyl 
(CH). The adsorption energies are defined 
as the total energy of the surface with ad- 
sorbed spedes minus the sum of the total 
‘energy of the surface and the adsorbate in 
‘vacuum. The solid lines show the predicted 
acetylene (red line) and ethylene (blue fine) 
_adsorption energies from scaling. The dotted 
lines define the region of interest, where 
the ethylene binding eneray is less than 
the barrier for further hydrogenation (blue) 
‘and where the reactivity of the acetylene 
hydrogenation step equals 1 sper site 
(tee). The adsorption geometry of ethylene 
‘on Ni and Rh has been accounted for by 
specifically choosing the methyl binding site 
‘0 be on top of Ni and Rh (even though the 
most stable adsorption site is threefold), 
which corresponds to the site of adsorp- 
tion of the carbons in ethylene. (B) Price 
(in 2006) of 70 binary intermetallic com- 
pounds plotted against the calculated methyl 
binding energies. The smooth transition be- 
‘ween regions of low and high selectivity 
(blue) and high and low reactivity (red) is 
indicated. 
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the Pd-based catalysts is that they are extremely 
expensive, we have included the cost of raw ma- 
terials ofthe catalysts as a parameter in Fig. 2B. 
Apart from Cu, which is known to be selective 
(16, 17), Co-Ga, FeZn, and Ni-Zn alloys stand 
out in this plot as particularly interesting. We 
‘have also calculated the stability of the different 
alloys, and here the Co-Ga and Ni-Zn alloys 
stand out, with heats of formation that are very 
exothemnic, below -0.9 eV (87 ki/mol). We have 
chosen the cheaper of the two, the Ni-Zn com- 
pounds, for further study. 

Both NiZn and NiZas are predicted to have 
good selectivity (Fig. 2B), For NiZns, we have 
‘not performed complete DFT calculations, be- 
cause the correct structure according to the phase 
diagram (8) should be NixgZnss, but for the 
NiZn alloy we have made a complete DFT calcu- 
lation of the reaction path for the close-packed 
(110) surface on the experimentally observed 
body-centered cubic (bcc) structure. The fall po- 
tential energy diagram for the reaction (Fig. 1B) 
shows that NiZn should be active and quite se- 
lective. In Fig, 3, the acetylene and ethylene 
adsorption structures on the NiZn intermetallic 
compound are shown. The adsorbents bind to the 
‘Ni sites, showing that the change in adsorption 
properties is not the result of bonding to the Zn. 
‘Rather, Zn changes the electronic properties of Ni 
in the surface (79, 20), We have also examined 
the segregation properties of the NiZn inter 
‘metallic compound. Segregation of Ni and Zn to 
the surface of NiZn in the bec (110) structure 
costs 1.23 and 033 eV, respectively. This result 
‘means that the NiZn bimetallic compound is 


3. Modeling of the 
‘Nigh catalyst in the bee 
82 (210) structure. The 
unit cells repeated twice 
in the x and y directions. 
‘The Ni atoms are shown 
as blue and Zn as gray. 
‘The adsorption of acety- 
lene (ef) and ethylene 
(tight is shown (small black and white structures). 


Fig, 4. Measured concen- 0,14 


quite stable, which is expected for such a highly 
ordered alloy (2/, 22). We have concentrated 
here on the close-packed surfaces. Steps and 
other low-coondinated sites on catalyst surfaces 
will bind ethylene and acetylene more strong!y 
and would be able to break the C-C bonds (23), 
We therefore expect those sites to be poisoned 
here. 

Although calculations can point to possible 
candidates, many properties apart from activity 
and selectivity determine whether a particular ma- 
terial is suited as a catalyst We have already 
mentioned intrinsic stability and segregation 
properties, and we can add resistance to coking 
and poisoning by other molecules in the reaction 
mixnure, sintering properties, particle size dis- 
‘wibution, and the ability to dissociate hydrogen. 
For example, Cu has been found to deactivate 
rapidly (24,25). Thus, experiments are needed to 
verify the suitability ofa given candidate material. 

We synthesized a series of Ni-Zn alloy cat- 
alysts on MgA1:O, spine! supports that had a Zn, 
content between 45 and 75% and tested their 
selectivity in the hydrogenation of acetylene in a 
gas mixture of 1.33% ethylene, 0.067% acety- 
lene, and 0.67% hrydrogen (26). The ethane pro- 
duction as a function of acetylene conversion is 
shown in Fig. 4. A highly selective catalyst will 
have very low ethane production, even at high 
‘conversion, where the amount of acetylene in the 
reactants is small. We compared different Ni-Zn 
catalysts with the well-established Pd-Ag system. 
Pure Ni has rather poor selectivity, as also ob- 
served for pure Pd. The Pd-Ag alloy, on the other 
hhand, shows a very good selectivity under high 


tration of ethane at the re 
actor outlet as a function © 0,12 
‘of acetylene conversion for & 
seven catalysts Ethane pro- 0,10 
duction is a measure of the é 
selectivity of acetylene hydro- $0.08 
genation, and zero ethane & 
corresponds to the most- 2 9.96 
selective catalyst. At the re & 
actor inlet the gas contained 2 9,04 
133% ethylene, 0.067% = 
aceryene, and 0.67% by- & g.o2 
drogen, with the remainder 
made up of Ar and Ne ina 000 


total pressure of 1 bar. 
Experimental details are 
given in the supporting on- 
fine material 


conversion. As expected from Fig. 2B, the selec- 
tivity increases substantially as the amount of Zn is 
increased. The Ni-Zn catalyst with the highest Zn 
content had an even greater selectivity than the 
best Pd-Ag catalyst we tested. The Ni-Zn catalysts 
‘we studied appeared to be more stable than has 
been reported for Cu (23-25). We know of no 
previous mention of NiZn alloy catalysts for selec- 
tive hydrogenation. There are reports of Ni cata- 
{sts supported on ZnAl;O, spinels (27), but these 
catalysts are reported to not contain a NiZn alloy, 
‘The width of the interesting range of methy! 
binding energies in Fig. 2B is quite broad, ~0.5 eV, 
hich is relatively large compared to both typical 
DFT- generalized gradient approximation errors 
(0.2 eV) and the scatter in scaling plots such as 
Fig. 2A (~0.15 eV). It shows that even with the 
present accuracy of our theoretical treatment, it 
can be used as guidance toward new catalysts. 
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The Aftershock Signature of 
Supershear Earthquakes 


Michel Bouchon** and Hayrullah Karabulut™ 


Recent studies show that earthquake faults may rupture at speeds exceeding the shear w. 


velocity of rocks. This supershear rupture produces in the ground a seismic shock wave similar to 
‘the sonic boom produced by a supersonic airplane. This shock wave may increase the destruction 
caused by the earthquake. We report that supershear earthquakes are characterized by a specific 
pattern of aftershocks: The fault plane itself is remarkably quiet whereas aftershocks cluster off the 
fault, on secondary structures that are activated by the supershear rupture. The post-earthquake 

quiescence of the fault shows that friction is relatively uniform over supershear segments, whereas 
the activation of off-fault structures is explained by the shock wave radiation, which produces high 


stresses over a wide zone surrounding the fault. 


though supershear rupture was theo 
A seized a tn 30 ye 

ago (1-3) and first reported over two 
decades ago (4), the realization that it may be 
common during earthquakes has come only in 
the past few years (5-13). This phenomenon 
can occur only in mode I rupture; that is, 
when the fault slips in the direction in which 
rupture propagates. This is the mode of rupture 
prevalent in large crustal earthquakes. When a 
fault breaks at supershear speed, the earthquake 
sgyound motion is considerably modified (/4, 15) 
‘We report here that all the faults on which super 
shear rupture has been inferred have in common 
1 specific pattem of aftershocks: The fault itself 
is remarkably free of aftershocks, which cluster 
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off the fault on secondary structures that are 
activated by the supershear rupture. 

‘The 1999 moment magnitude (M,) — 7.4 
Izmit earthquake ruptured about 150 km of the 
‘North Anatolian fault (NAF) in Turkey. Rupoure 
‘began near the middle of the fault (Fig. 1) and 
propagated eastwand at supershear speed for 
about 50 kim before decelerating to sub-Rayieigh 
velocity (6). To the west of the epicenter, where 
the fault broke at classical sub-Rayleigh velocity, 
the aftershocks defined an E-W linear band that 
followed the fault under Izmit Bay and the 
eastem Marmara Sea (Fig. 1 and fig. S2A), ex- 
‘cept for two aftershock clusters located near the 
termination of the fauit and associated with 
geothermal activity and branching (16, 17). 

‘To the east of the epicenter, the aftershock 
pattem was different. All along the supershear 
segment, few afiershocks occurred near the fault 
tace itself. Instead, they were spread over a 
‘broad area surrounding the fault (Fig. 1 and fig 
‘S2B)- Between Izmit and Sapanca, the aftershock 
clusters displayed a NE-SW trend. This orienta- 
tion follows the Iineaments of the old faulting 


— 


a 


‘L. Map of lamit aftershocks (red dots) for the period from 17 August to 12 November 1999, relocated after comt 
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system that characterized the deformation of the 
region before the development of the NAF (/8), 
The aftershock pattem shows that some of these 
paleofiults, previously thought to be inactive, 
‘were parly reactivated by the earthquake. Farther 
east, between Sapanca and Akyazi, the afier- 
shocks occurred to the south of the rupture on 
the complex fault system produced by the 
splaying of the two branches of the NAF. This 
system consists ofa series of short normal faults, 
bounded to the south and east by strike-slip 
faults (Fig. 1) (18, 19). The spreading of the 
aftershocks over the whole area, confirmed by 
focal mechanisms (20), indicates that the whole 
fault system was activated by the earthquake 
‘The quiescence of the rupture plane itself, which 
bounds this area to the north, is striking, par- 
ticularly when one considers that it was the 
region of highest slip (2/). Seismic activity 
reached its peak just beyond the termination of 
the supershear segment. Farther east, the fault 
system becomes simpler and, like in the west, 
aftershocks formed a relatively narrow band 
paralle to the rupture trace ofthe slightly north- 
dipping Karadere segment. 

The 1999 My = 7.2 Ditace earthquake oc: 
curred 3 months after the Izmit earthquake and 
extended the 150-km-long rupture 40 km east- 
ward, Like the Izmit earthquake, it was a bilateral 
event nucleating near the middle of the fault 
(Fig. 2), and near-field recordings show that 
‘hile rupture propagated westward from the hy- 
pocenter at sub-Rayleigh velocity, the average 
eastward velocity was supershear (6, 22). After- 
shocks occurred to the north of the surface 
rupture, a5 expected because, unlike the quasi- 
vertical Lait rupture, the E-W striking Ditzce 
fault dips about 65° northward (22), To the west, 
of the epicenter, except along the fringe of the 
rupture trace (which comesponds to the shallow 
part of the fault), aflershocks were distributed 
rather evenly over the fault plane for a distance of 


205° 


405" 
305° 


ing all the available data 


recorded in the region (fig. S1). The surface rupture is in yellow, the active faults in black, and the ones thought to be inactive in gray (19). 
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Fig. 2. Map of the Dizce aftershocks (red circles). The epicenters (37) are drawn on a background tectonic map (23) showing the surface rupture (red) and the 
plioquatemary faut system (blue). The main shock epicenter is shown by a star. The inset in the middle is the vertical cross-section between A and B. 


Fig. 3. Map of the Kunlunshan aftershocks of magnitude 4 and higher (red circles), with the focal mechanisms of the largest ones (balloons). The 
surface rupture is in yellow and the unbroken segment of the Kunlun fault in black. The epicenter is shown by a star. 


about 15 km. Beyond this distance, which comre- 
sponds toa sharp drop in surface sip (23), the den- 
sity of affershocks increased, probably reflecting 
the complex mechanical interaction between the 
sliverging Diiave and Karadere faults in this area. 

To the east of the epicenter, the aftershock 
pattem was notably different, For about 5 km 
eastward from the hypocenter, the rupture plane 
was five of aftershocks. Beyond this gap, some 
aftershock epicenters clustered near the surfice 
‘trace of the rupture. A cross-section of this cluster 
ig, 2, inset), however, shows that these events 
‘oceurred at depth and not on the Diizce fault, 
‘which is shallow in this area. This WNW-ESE- 
trending cluster paralleled the old fault system 
that prevailed in the region before the develop- 
‘ment of the Ditze fiult(23) and indicates tha the 
carthquake reactivated some of these paleofaults. 
‘Farther east, the number of aftershocks increased 
near and beyond the termination of the surface 
‘break. This area also corresponds to the eastem 
termination of the mapped trace of the Ditzce 


fault. Beyond it lies the complex 15-km-wide 
zone of deformation that separates the Ditzce 
fault from the easter single trace of the NAF. 
‘The 2001 AM, ~ 7.9 Kunlunshan (Tibet) 
‘earthquake produced the longest surface ruphare 
‘ever observed (Fig. 3), a nearly continous break 
‘extending for about 425 km (24). Most of the 
rupture—about 300 km—occumred at supershear 
speed (7, 10). In spite of its large magnitude, 
the earthquake was followed by few aftershocks 
(ZO, 25), The strongest one reached a My of 
‘only 5.6, much lower than the value of about 6.8 
typically expected for an event ofthis size. Only 
17 afiershocks had a body wave magnitude m, of 
5 or higher, whereas on average for the mag- 
nitude of the main shock, more than 70 could 
have been expected (26). Another unusual fea- 
ture ofthe Kuniunshan sequence is that out of the 
‘eight largest afershocks for which focal mecha- 
nism could be detennined (27, 28), only one 
‘event of relatively small magnitude (My — 5.1) 
‘had a mechanism similar to that of the main 


shock (Fig. 3), Although the absence of loca! 
stations prevents precise locations, thisisa strong 
indication that most of the aftershocks occurred 
not on the rupture plane, but on secondary struc- 
tures off the main fault, The fact thatthe longest 
surface rupture ever observed was directly the 
source of so few aftershocks of such small mag- 
nitude is astonishing, Seismic activity, although 
small, clustered in two areas: the mechanically 
complex zone where the rupture splayed off the 
‘main Kunlun fault and the near termination of the 
surface rupture. Thus, like at Lzmit and Diizce, 
the long supershear segment of the Kunlunshan 
earthquake was quiet. The small aftershock ac- 
tivity of the region was concentrated near the 
junction of the rupture plane with other faults and 
near the termination of the supershear rupture. 
The 2002 Af, ~ 7.9 Denali fault (Alaska) 
earthquake produced a surface rupture of about 
340 km, Rupture started on a 48-km-long north- 
dipping thmust fault, the Sustina Glacier fault, 
then propagated eastwand for nearly 300 km asa 
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Fig. 4. Map of the 
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Denali aftershocks of 64 


‘magnitude 3 and higher 
(ted circles). The epicenter 

's shown by a star (SGF, 

Sustina Glacier fault; 

TF, Totschunda faut). le 
‘The inset is a 200m of 

the 146° cluster, with 

‘the surface rupture in 

yellow and the fault nest 

in gray (MGF, McGinnis 

Glacier fault; HCF, Hines 63° 
Creek fault; DF, Denali 

fault; TTF, Talkeetna 

fault) The accelerome- 

‘er location is indicated 

bya triangle. 


“9 


strike-slip rupture along the adjacent Denali and 
Totschunda faults (29), The length of the super- 
shear segment is not precisely known, but mode!- 
ing of the lone near-fault accelerometer records 
suggests that the supershear episode began about 
35 kan before the accelerometer site (9), at a lon- 
situde of about 146.5° (Fig. 4). A. supershear 
speed of 5.5 kan/s (8, 9) and an average rupture 
velocity of 33 kins (30) yield an estimate of about 
60 kin for the length of the supershear segment. 
Aftershocks were distributed (Fig. 4) in a 
nearly continuous band along the 340 km of 
‘rupture, with the notable exception of the fault 
stretch between 146.5° and 145.5°. Except for 
a cluster of events centered around 146°, this 
stretch lacked aftershocks. This cluster was as- 
sociated with a nest of faults (Fig. 4, inset) that 
merge there with the Denali fmt. Geophysical 
investigations of this area (32, 32) show that the 
aftershocks clustered on these secondary faults, 
principally the south-dipping Hines Creek fault 
and the north-dipping Talkeetna thrust fault, !o- 
cated respectively north and south of the Denali 
fault, In this zone, the Denali fault is nearly ver- 
tical and was almost free of aftershocks (31, 32) 
Farther east, between 145.5° and 145°, where 
supershear is inferred to have ended, a broad 
aftershock cluster was present. There again, geo- 
physical imaging has shown that these after- 
shocks clustered, not on the vertical Denali fauit 
but on two shallow-<dipping secondary faults, the 
McCallum Creek-State Creek and the Donnelly 
‘Dome-Granite Mountain thrust faults located on 
opposite sites of the Denali fault (31). Focal 
‘mechanisms of events in this eluster confirm that 
‘most of them, including the largest aftershock 
of the earthquake, had thrust mechanisms (33). 
‘Along the inferred supershear stretch, few after- 
shocks are associated with the Denali fault itself 
“Aflershocks in this zone cluster on well-recognized 
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‘secondary faults located on both sides of the ver- 
tical Denali fault. 

The relative quiescence of supershear seg- 
‘ments shows that friction (34) was more uniform 
‘over these segments than elsewhere on the fault. 
This explains the puzzling low ground acceler- 
ations reconded near supershear segments (6, 8), 
because the high-frequency seismic radiation, 
‘which dominates the acceleration spectrum, is 
controlled by faulting heterogeneities (35). The 
‘clustering ofthe aftershock activity on secondary 
faults located off the rupture plane is also readily 
‘explained: The shock wave radiated by the super- 
‘shear rupture produces high stresses over a wide 
zone surrounding the fault (36). In this area the 
‘stress camied on the Mach cone is near the same 
as that which occurs onthe fault (36). The width of 
this zone is comparable to the depth of fauiting, 
jn agreement with the present observations. 
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Multipartite Entanglement Among 
Single Spins in Diamond 


P. Neumann,?* N. Mizuochi,”* F. Rempp,” P. Hemmer,” H. Watanabe,‘ S. Yamasaki,* 
V. Jacques,? T. Gaebel,? F. Jelezko,* }. Wrachtrup*t 


Robust entanglement at room temperature is a necessary requirement for practical applications in 
‘quantum technology. We demonstrate the creation of bipartte- and tripatite-entangled quantum states 
in a small quantum register consisting of individual "°C nuclt in a diamond lattice. Individual nuclear 
spins are controlled via their hyperfine coupling to a single electron at a nitrogen-vacancy defect 


center. Quantum correlations are of high quality and persist on a millisecond time scale even at 
oom temperature, which is adequate for sophisticated quantum operations. 


to mean a peculiar mutual quantum inter- 
action in which the properties of two or 
more physical objects can be correlated, even 
when separated. Since then, the generation and 
retrieval of entanglement among several qubits 
have become of fundamental importance in quan- 
tum science and technology. Quantum teleportation 
enor correction, computation, and communication 
all benefit from (or require) entanglement One 
current challenge for the field of quantum in- 
formation processing has been to engineer a suf- 
ficiently large and complex controllable system 
in which questions related to entanglement can 
be precisely explored. Hence, proving entangle- 
‘ment among an increasing number of qubits is 
‘typically a benchmark for physical systems, in 
demonstrating their relevance to engineer quan- 
tum states. On the level of single quantum sys 
tems, entanglement has been proven for photons 
(2), ions (2, 3), atoms (4), and superconductors 
(6) All solid-state qubit devices require low tem- 
perature to achieve sufficiently long entanglement 
lifeme, Whereas single electron spins can be 
accessed by charge transport (6) or optically (7), 
nucle are more promising for quantum engineer 
ing because of their long coherence times, even 
under ambient conditions. Because of their weak 
{interaction with the environment, nuclear spins 
are not directly affected by (for example) lattice 
phonons, which are a prominent source for de 
phasing in most solid-state systems. In ensemble 
studies, (pseudo}entanglement among nucle! has 
been demonstrated (8-10), but this has not been 
confirmed for single muclear spins so far. 
For the present experiments, 'C muciei 
coupled to a single nirogen-vacancy (NV) detect, 
center in diamond (Fig. 1A) were chosen. This 


S chriinger coined the tenm “entanglement” 


2a myilaliches sit, Unies Sioa, Palerwaing 
57, 010550 Stutgar, Geary. “Gradvate Scheel of 
‘rary, eran area Sues, ives ef Taba, 


system allows for high-fidelity polarization and 
detection of single electron and muclear spin states, 
even under ambient conditions (11-16). The NV 
center's electron spin ($= 1) exhibits extraondi 

narily slow relaxation, with a longitudinal re- 
Jaxation time T; (i.e, the time for spontancous 
transition between pure states) on the onder of 
milliseconds (17). The phase memory time T> 
is found to be around 0.6 ms (18). Hence, this 
defect has been identified as a prominent can- 
didate for engineering quantum states and quan- 
tum information processing (19-22), as well 
as for high-resolution magnetometry (23), Scai- 


A 


A [11 }axis 


ability toward larger-scale quantum registers 
was proposed, for example, through optical in- 
teractions between NV centers. Altematively, 
probabilistic entanglement based on photonic 
channels can provide efficient scaling up (24), 
The NV center is a point defect (Fig. 14): 
‘Thats, the electron spin is mostly localized at the 
defect site. However, about 11% of its electron 
spin density is distributed over the nearest- 
neighbor carbon atoms (25), mostly those at the 
dangling bonds caused by the vacancy, As a 
result, substantial hyperfine and dipolar coupling 
are detectable for single miclei localized clase to 
the defect (26, 27). Here, we use such coupling 
Gig. 1B) to effectively contro! two muclear spins 
on an individual basis, and by using this tech- 
nique, we are able to demonstrate entanglement 
of two %C nuclear spins (;, Nz) in the fist 
coontination shell of the vacancy. All four max- 
‘mally entangled states, namely the Bell states 


& =1/,p(|00) £ [11)) ( 
¥ = ¥/,q{01) = [10 @ 
are generated, where “0” and “1” denote the 


two possible nuclear spin orientations. (mm = 
— Ya + |0). 2m = +2 + |1), [NLN2)) Fig. 1B). 


2500 2800 
‘Mcrowave frequency [Ms] 


2700 2600 


Fig. 1. (A) Atomic structure of the NV center. The nitrogen atom, vacancy, and three nearest- 
neighbor carbon atoms are shown. Two of the carbon atoms are “C isotopes with nuclear spin 1/2. 
(B) Energy-level scheme of electronic ground state of the NV center. Two of three hyperfine spit 
electron spin sublevels (m = 0-1) are depicted. Allowed transitions are shown by solid arrows 
(blue, electron spins; orange, nuclear spins). Zero and double quantum transitions are shown as 
‘dashed arrows. For further information, see (25). (C) ODMR spectrum (red curve) showing the ms = 
‘On—1 transition. The simulated spectrum (blue curve) accounts for the hyperfine splitting of a single 
electron spin with two nearest-neighbor °C atoms. a.u., arbitrary units. 


Table 1. Fidelity and entanglement measures for Bell, GHZ, and W states. Dashes indicate that the 
respective coherence measures were nat calculated. 


Coherence measure + 
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‘These entangled states cannot be achieved by in- 
dependently bringing the spins into an individual 
superposition state: Instead, they are giobal states 
of the two spins. To demonstrate even tripartite en- 
‘anglement, we take the NV center's electron spin 
) into account and generate maximally entan- 
sled states such asthe Greenberger Home-Zeilinger 
(GHZ) states, as well as the so-called W state 


@) 


¥/,q(|M10)+e*|101) + e011) (4) 


Getz = */5(\000) + €*|111)} 


w 


where @ and @ are arbitrary phases. Again, “0” 
and “I” denote the two possible spin states of 


Fig. 2. (A) Pulse sequence for Bel state generation 
(©) among two nuclear spins, Spin-electve pulses 
are represented by squares, operating on a target 
qubit. Vertical lines represent logical connections. 
‘The control qubit state |1) and the state |0) are 
displayed as closed and open circles, respectively. 
For example, an open circle indicates that the pulse 
{5 applied tothe target qubit ifthe quantum state of 
‘the controling qubit s (0). Bel states evolve during 
time + followed by state tomography. During six 
diferent transfer steps, the sit possible coherences 
among the four nuclear spin states are unitarily 
‘mapped onto nuclear spin Ns. Each coherence is 
completely analyzed by performing two nutations 
(nut) with two 90° phase-shifted rf fields. The 
results are the density matrix elements. (B) Ramsey 
fringes of Bell states: () ©", (i) ™ and &, (id 
AY", and (iv) Y and "The frequency offsets 
of 1. (Aon), 112 (er), and fitted curve (en:) are: 
() Ao = 05, Aws = 05, and oom 

Awr+Aos G.Am,=0,Ac2=05,and oy 
Acr+Aery; Gi) Aon = -03, Ato2 = 0, and te = 
113 MH2 = A,~Amy and (iv) Aa =0, Ao = 0.4, 
and coy, = 04 MH2 = Sor—Aco. (Q) Density matrix 
reconstruction (real part) of states D™ and ¥. 
Imaginary parts are found in (25). The high abso- 
lute values of the main off-diagonal elements 


all three spins (ms = 0++|0), ms =—I+|I), 
|EN.N2)). 

‘The measured optically detected magnetic 
resonance (ODMR) spectrum of the electron spin 
ofa single center is shown in Fig. 1C. Four lines 
‘separated by hyperfine splittings are observed in 
‘each ms —O+>-1 and «+1 transition (15). The 
‘Bell states * and ‘¥* are prepared as follows 
(Fig. 2A). After initialization by optical pumping, 
the system is setin the ms = 0 state. The nuclear 
spin states, however, are undetermined. To ini- 
tialize a specific nuclear spin starting state, we 
applied a transition selective microwave (MW) = 
ppuse and transfered |E N,N.) = |000) into|100).. 
If the system was in [000) afier the laser irra- 


A 


REPORTS Q 


dation, a pure 00) (=|100)) state is created, If 
the system was in another state after laser inma- 
dation, a subsequent MW excitation to [00) does 
not occur, and no observable signal is visible. To 
Increase the success rate of initialization, one can, 
in pace, apply additional preparation steps 
@ 

Generation of Bell states proceeds in two 
steps. At frst, a coherent superposition of states 
{01) and [00) is generated with a-w/2 pulse on 
fone radio frequency (rf) transition, which yields 
“Ya (\00) + |01)). By the application of a 
frequency selective x pulse in resonance with 
the /01) and |11) transition, eventually & ~ 
¥/5 (00) — |L1)} is formed, The remaining Bell 


Ti(Elecron spin) 


E 
N, H faa 
Ns H 


Preparation “<* Detection 
Entanglement 
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Vets 


(© = 00.11), |11.(00); ¥":|10)(01, |0110)) prove that these are, in fac, entangled states and not jus incoherent mixtures (otherwise, all off-diagonal elements, 
‘would be zero). (D) Coherence time of Bell states as compared with the relaxation time of the electron T;. 


3. (A) Pulse sequence for generation and detection of the GHZ state. The 
‘preparation sequence is similar to that of Bell states, followed by a selective MW 
‘pulse, For readout, a tomography is performed for the ideally nonzero density matrix 
‘elements. (B) Ramsey fringes of the GHZ coherence quantified by showing the 
sums of the respective off-diagonal elements of the density matrix (os+pa1 
Joo0y111 +1121 (000). The decay is fitted to expl-{e7,")'L with To"=13 20.2 us. 


Error bars indicate the accuracy of the measured data points. (C) Tomogram of 
GHZ state's main density matrix entries. Unmeasured elements are discarded, B 
‘The top graph shows the density matrix for evolution time t=O us, whereas the 


bottom graph shows the decay of off-diagonal elements for x= 2.4 us. 
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fig. 4. (A) Ramsey fringes of all three coherences 
[sum of the corresponding off-diagonal elements: for 
‘example, psz+P25 = |011X110| + {110X011 The 
respective off-diagonal elements are marked with 2 
correspondingly colored arrow in (8). Only coherence 
between the two energy eigenstates containing the 
same electron spin orientation (p32 = |101X110|, 
P23 = [210101)) shows no decay during the 
obsenation time. The others decay within 2 us. The 
decay is fitted to expl-(c/7;*)"|, with T* = 1.2 + 
(02 us for the circles and T3* = 

‘triangles. The straight line forthe squares is a guide 
‘to the eye. Eror bars indicate the accuracy of the 
‘measured data points. (B) Tomograms of the main 
entries of the W state. The top and bottom graphs 
splay the density matic right after preparation and 
afer 4.4 1s, respectively. Gray density matrix ele- 
‘ments have not been measured. 


states are prepared in a similar fashion (28), 
‘Having arranged the Bell states, we proved their 
generation via Ramsey fringes: that is, letting the 
Bell state evolve freely for a certain time t and 
analyzing its phase afterwards (15). Phases of 
different Bell states evolve differently under 
rotation around the quantization axis (28). © 
and ¥ are characterized by an angular frequency 
Ace = Aa;+Aw, and Aco>-Acy, respectively 
(Fig. 2B), where Ao, and Ao» are detunings from 
resonance of the two radio frequency fields rfl 
and rf2 involved in generation and detection of 
the respective Bell states. The “+” and “—" states 
are distinguishable by their phase with respect to 
the phase of the driving rf field (Fig. 2B). 

A standard procedure to quantify the amount 
‘of entanglement is density matrix tomography. 
‘By measuring the probabilities to find the nuclear 
spins in a certain eigenstate and revealing co- 
herent phases among them (eg, (00)+ |11)), 
researchers have performed density matrix tomog- 
raphy for all Bell states (26) (Fig. 2A). Tomog- 
raphy results are plotted in Fig. 2C. For brevity, 
only the real part of © and ¥ is shown. 
Concurrence and the negative eigenvalue of the 
partial transpose were calculated (Table 1). To 
compare the measured density matrix p with the 
ideally expected one 6, we estimated the fidelity 
F= teopo" 5 F— ‘r(op) for pure states 
|, where tr is the trace of a matrix. As demon- 
strated in Table 1, especially for *, the respec 
tive values get close to ideal. It has been shown 
‘that a state p of two qubits is entangled if and 
only if its partial transpose p*™ has a negative 
eigenvalue (29, 30). As shown in Table 1, this is 
indeed the case for all four states. We also have 
‘measured the coherence decay time 7, of © and 
¥ (Fig. 2D), Both types of Bell states decay on a 
‘time scale of 3 to S$ ms, which is similar to the 
relaxation time of the electron spin (7; = 6 ms). 

‘Afier entangling two nuclear spins, the next 
step is to generate a tripartite entangled state via 
the electron spin of the NV center itself as the 
third qubit. The easiest tripartite entangled state 
‘to generate is the GHZ state. For its generation, 
‘we start off with a nuclear ©* state and apply a 
‘nuclear spin state~selective x pulse on the elec: 
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~ 104 


W state coherences 


Past P a2 PastPs.2 + 


tron transition (Fig. 3A). For W state generation 
and further details of state preparation and read- 
out, see (15). Tomography of these tripartite 
‘entangled states can be performed in a fashion 
similar to that ofthe Bell states. Note that these 
three spin coherences are directly observable in 
‘our spin resonance experiment. In the present 
‘work, we restricted our measurements to the 
main (ideally nonzero) density matrix entries 
of the respective entangled states (Figs. 3B and 
4B), It can be shown that these elements are 
sufficient to calculate the fidelity F = top) 
(15) (Table 1). 

Because, for both states, an electron spin is 
‘now involved in the entangled states, one would 
expect the coherences to decay much faster than 
those where only nuclear spins were involved, 
Indeed, by measuring Ramsey fiinges of GHZ 
coherence after a waiting time of 2 us, we find 
that only an incoherent mixture of |111) and 
(000) is ieft (Fig. 3, Band C) The Ramsey fringe 
decay time is determined by inhomogencities 
caused by slow spectral diffusion. Refocusing 
such inhomogeneities or decoupling these inter- 
actions will greatly lengthen the respective 
coherence time. Interaction with other spin 
impurities limits 7; and T; of the NV cemter's 
‘electron spin [highest reported values: 7; ~ 380 s, 
(GD; Tz = 350 ps, (/8)}- Thus, the GHZ state 
prepared here would be an even more robust 
resource for quannum state engincering in a purer 
lattice environment. 

‘The aforementioned GHZ decoherence is 
‘only expected to be due to the electron spin. This 
is reflected in the dephasing behavior of the 1” 
state, After the electron spin coherence has de- 
‘cayed, the remaining W state is written as an in- 
‘coherent mixture of states (0)/11) and |1)(110) + 
|01)). Thus, for the electron spin measured to be 
in state|1), muciear spin entanglement is expected 
to be found, namely the ¥* muclear spin Bell 
state, Observation of Ramsey fringes of all 1” 
stale coherences indeed shows the expected 
behavior. The two coherences involving elec- 
tron spin states decay within 2 us, whereas the 
coherence with mainly nuclear spin character 
{{1))9*)) persists om this time scale (Fig. 4, A 


and B). Nuclear spin coherence outlasts electron 
spin decoherence. 

Given the long decoherence times found for 
nuclear spin entangled states, there is ample op- 
portunity to create even higher entangled states: 
for example, by including the nitrogen nuclear 
spin that is present inthe defect but which was not 
used here. Large scale networks may be achieved 
‘by entangling distant defects through emitted 
photons. Proposals similar to this have been pub- 
[shed (22). Finally, we note that GHZ-type spin 
states are idea! candidates for quanturn-improved 
‘measurements. Inmagnetometry applications, they 
‘outperform mixed states in sjgnal-o-noise ratio by 
a factorof VN, where Nis thenumber of entangled 
spins (32). Entangled spin states in a diamond- 
‘based magnetometer thus might enhance sensiiv- 
ity considerably. 
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Strong Dissipation 


Inhibits Losses 


and Induces Correlations in 
Cold Molecular Gases 


N. Syassen,? D. M. Bauer,’ M. Lettner,? T. Volz,** D. Dietze,*t J. J. Garcia-Ripoll,** 


J. |. Cirac,? G. Rempe,? S. Diirr*s 


‘Atomic quantum gases in the strong-correlation regime offer unique possibilities to explore a variety 
cof many-body quantum phenomena. Reaching this regime has usually required both strong elastic and 
weak inelastic interactions because the latter produce losses. We shove that strong inelastic collisions 
«an actually inhibit particle losses and drive a system into a strongly correlated regime. Studying 

‘the dynamics of ultracold molecules in an optical lattice confined to one dimension, we show that 

the particle loss rate is reduced by a factor of 10. Adding a lattice along the one dimension increases 
the reduction to a factor of 2000. Our results open the possibilty to observe exotic quantum 
‘many-body phenomena with systems that suffer from strong inelastic colisions. 


‘rong interactions are responsible for many 

interesting quantum phenomena in many- 

‘body systems: high-temperature super 
conductivity (J), excitations with fractional 
statistic (2), topological quantum computation 
3), and aplethora of exotic behaviors in magnetic 
ystems (4). One of the main physical mecha- 
nisms that gives rise to strong comelations for 
‘bosonic particles can be understood as follows. At 
ow temperanures and for strong elastic repulsive 
interactions, particles tend to stay far away from 
cach other in onder to keep the energy low. That is, 
the wave function describing the particles tends to 
‘vanish when two of them coincide at the same 
position. In onder to fulfill these constraints, this 
‘wave function has to be highly entangled at all 
times, which may give rise to counterintuitive 
effects both in the equilibrium properties as well 
as in the dynamics. In one dimension, for exam- 
ple, this occurs in the so-called Tonks- Girardeau 
gas (TGG) (5, 6), where the set of allowed wave 
functions for bosonic particles coincide (up to 
some transformation) with those of free fermions, 
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‘Despite being bosons, the excitation spectrum, the 
evolution of the density distribution, etc. cor- 
respond to those of fermionic particles. In two 
«dimensions, the same mechanism leads to the fiae- 
‘ional quanturn Hall effect (7), where the ground 
state as well as the low energy excitations fulfill 
the above-mentioned constraint, giving rise to 
the existence of anyons, which behave neither 
like bosons nor fermions but have fractional sta- 
tistics (2) 

‘We show that inelastic imeractions can be used. 
toreach the strong corelation regime with bosonic 
panicles: This may seem surprising because in- 
clastic collisions are generally associated with par- 
ticle losses. This behavior can be understood by 
using an analogy in classical optics, where light 


Fig. 1. Time-resolved 209x103 + 


absomption is expressed by an imaginary part of 
the refractive index. If an electromagnetic wave 
‘impinges perpendicularly on a surface between 
‘two media with complex refractive indices m and 
rz, then a fraction |(n; ~ n2)(on, + ma)? of the 
intensity will be reflected. In the limit js| — 0, 
the light is perfectly reflected off the surface, ir 
respective of whether m2 is real or complex. In 
‘our case, bosons interacting with large imaginary 
(8,9) scattering length almost perfectly reflect off 
cach other for an analogous reason, thereby giving 
rise to the same constraints in the panicles’ wave 
function as the ones corresponding to elastic col- 
{sions and thus tothe same physical phenomena, 
In our experiment, the correations manifest them- 
selves in a strong suppression of the rates at which 
particles are lost because of inelastic collisions. 
ur experiment used molecules confined to 
‘one dimension by an optica! lattice, both with and 
‘without a periodic potential along the one dimen- 
sion. We started with the transfer of a Bose- 
Einstein condensate (BEC) of "Rb atoms into a 
three dimensional (3D) optical latice in such a 
‘way that the central egion of the resulting Mott 
insulator contains exactly two atoms at each lat- 
tice site. A Feshbach resonance at 1007.4 G (1) 
‘was used to associate the atom pairs to molecules 
(Z1), Subsequently, the magnetic field washeld at 
1005.5 G. Atoms remaining after the association 
were removed with blast light. This procedure 
prepared a quantum state that contains one mol- 
cule at each site of a 3D optical lattice (12, 13). 
The optcal-atice potential seen by a molecul 
— ¥,cos"(hy) — Micos"(de), where 
30.440-nm is the light wavelength. At the 
end of the state preparation, Vis equal to 


loss of molecules at Vj= 
(0. The loss begins at t= 
0. The solid line shows a 
fitof Eq, 2 to the exper- 
imental data () with t< 
1 ms, The bestfit value 
is zn) = 4.3ims, come 
sponding to Kp =22x 
10° am‘s and, at t= 
0, tog” = 0.11. The 
dashed line shows the ex- 
pectation for an uncorre- 
lated system. The observed 
loss is much slower than 
the dashed line because 
of strong correlations. 
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which equals 127E,, where E, — 12 /2m is the 
‘molecular recoil energy and m is the mass of one 
molecule 

fier state preparation, / was linearly ramped 
down to its final value. Afier this ramp, we have 
an aray of tubes of ID gases. We chose a ramp 
duration of 0.5 ms. For much faster ramps, we 
observed a substantial broadening of the momen- 
‘tum distribution along the tubes. For much slower 
ramps, particle oss during the ramp became no- 
ticeable, After the ramp, the system was allowed 
to evolve for a variable hold time at the final 
value of Fj. During this hold time, molecules 
collided inelastically, leading to loss. After the 
hold time, all molecules were dissociated (11) 


{nto atom pairs by using the Feshbach resonance. 
The dissociation terminated the loss. Lastly, the 
‘magnetic field and the lattice ight were switched 
ff simultaneously, and the mumber of atoms was 
determined froma time-of fight absomption image. 

‘The experimental data represent an average 
overa lange mumber of tubes of different lengths. 
his is not critical because the initial 1D density, 
(0) = 2/, is identical in all tubes. The lattice 
have a finite waist. This 
results in a harmonic confinement with angular 
frequency «2x * 71 Hz along the tubes. This 
isnegligible as long as we evaluate the loss only 
for much faster time scales. In the decay of the 
‘molecule number as a function of hold time at 


20x103 


15 


molecule number 


1.0 15 


time (ms) 


2. Loss at Vj # 0. Solid lines show fits of Eq. 


3 to the experimental data Golid symbols). Open 


symbols show results of our numerical calculations. Black squares, red circles, and green triangles 
correspond to Vif, values of 1.8, 3.9, and 6.0, respectively. 


3. Loss at diferent 
lattice depths Vj. (A) Fits 
asin Fig. 2 yield the ex- 1 
perimental results () for 

. Afit of Eq. 4 to the 
data yields the soli line. 
‘Te best-fit value is Kao = 
17 x 10" cms. The 
experimental data and the 
analytic model agree wel, . 
with results of our numer- 

ical calculations (*. For 


‘experiment 
numerics 


comparison, the dashed +—+t 
line shows the naive est- 
mate 2j/h, which is no- 
where cose to the data. 


Error bars indicate one 102 
statistical standard error. 
(B) Pair correlation func- St 
tion g? = wT calculated = © L 
from the data in (A). 103 
104 
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¥j-0 ig. 1), the ramp down of begins at ¢~ 
0,5 ms and ends at = 0. The data do not show 
noticeable loss during the ramp-down. In order to 
avoid complications because of the harmonic con- 
finement « along the tubes, we procesied only 
data for ¢< 1 ms. 

‘A quantitative understanding of the loss pro- 
cess is based om the ID particle density 7, which 
evolves accanding to (14) 


~Krt'g® a) 


where 3° = (2p)? is the pair cometation fins- 
tion that gives the reduction factor of the loss rate 
‘compared with an uncorrelated state where g@ = 
1K is the ID loss rate coefficient, which ean be 
related to the 3D scattering properties as follows: 
First, the scattering potential can be modeled as 
a delta interaction with LD interaction strength 
g, Yielding K = —2im(gyh (14). Second, ex- 
tending the arguments of (15) to the case of a 
complex-valued 3D. 4,one obtains 
Pa/ {mar [1 + ab()/V 2a] }, where a, 
isthe size ofthe gasin the perpendicular direction 
and { denotes the Riemann zeta function with 
[(1/2)=-1.46, The real and imaginary pars ofa, 
Re{a) and Im(a), represent elastic and incasic 
scattering. respectively. 

For the ground state of the TGG, we can de- 
rive an analytic expression fore. By introducing, 
a dimensionless interaction strength y= mg/h"n 
and using the same techniques as in (16, 17), 


we obtain g hv? in the limit fy| >> 1 
Inserting this expression in Eq. 1, we obtain 
dns 
Baa! i) 


where 7 = 47° AK Bm’\g?. This equation gives a 
prediction for the particle lasses for a low-energy 


Fig. 4. Particle losses in a 1D lattice. The intial 
level 1) contains exactly one particle at each lat- 
tice site. State I2) is obtained after one tunneling 
‘process. Population in state I2) decays incoherently 
into state 3) with rate I’. The tunneling coupling 
between states 11) and I2) can be described by a 
Rabi frequency Q and a detuning A. In the limit 
[>> Q, the effective decay rate from !1) ~ 13) is 
Tey = Q°AT 1 + ZA/TY'I}, and the population of 
levell2) after atime t>> UT fs Fil times that of 
level 11) (29). The parameters are related to the 
‘Bose-Hubbard parameters by [= —2im(UAfh, A 
Rel, and Q= V8)/h. 
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‘TGG. Similar considerations apply to inelastic 
‘three-body collisions (18-20). Note that a TGG 
al finite temperature has recently been observed 
experimentally (2-23) but forthe known case of 
strong elastic interactions, 

A fit of Eq, 2 to the data in Fig. 1 with ¢< 
|Lms yields Im(1/a) = 1/(24 nm). Combined with 
[Re(a)| << lm(a)| (14, this yields g ~ 0.11 + 
0.01 at ¢= 0. This shows that the loss rate is 
strongly reduced because of correlations. ¢” o 17 
decreases with time, so that the loss rate is re- 
duced even further. 

‘From these results, we can determine the 
two-body loss coefficient for a BEC, Kp ~ 
-S8xim(aym = 2.2 x 10° + 0.2 10? em’ls. 
‘This agrees fairly well with the measurements 
discussed below and with a previous measure- 
ment (24) at 1005.8 G that yielded Kyp = 1.5 * 
10”? cm/s. For comparison we note that, if 
losses were not inhibited, that is, 2 = 1, then 
the loss should follow the dashed line, which is 
calculated with Kp from (24). Clearly, the loss 
rate is reduced. 

‘This reduction is directly related to the fact, 
that the spatial wave fimctions of the particles do 
not overlap, and thus they become strongly cor- 
related, Further support for this conclusion comes 
from the time dependence of our data. Ifthe sys- 
‘em were weakly correlated, then g° ~ 1 would 
be time independent. Equation 1 would then 
predict that the number of particles NV fallows 
aNidt & N* instead of dNidt © N* if we are 
close to the TGG ground state (14). We fit 
dNidt & N? with an arbitrary power p to the data 
with f< I ms, This yields p ~ 43 + 06, in good 
agreement with p = 4 

We now tum fo a situation with a latice po- 
‘ential along the ID tubes with Vj << V,. The 
zotion perpendicular to the tubes remains frozen 
out as before, but the motion along the tubes is 
now described as hopping between discrete lat 
tice sites. Ths is a natural way of amplifying the 
effects due to interactions and thus reaching more 
deeply into the strong-comelation regime (25,21). 
Apart from that, many paradigmatic models in 
solid state and other fields of physics assume a 
lattice structure. We performed measurements 
ig. 2) similar to that in Fig. 1 for various values 
of the lattice depth V, Here, the temporal change 
of 2” is negligible (14). Spatial integration of 
Eq. | yields 

a - 

a 8) 
where we abbreviated x = Kn(0) g”. We fit this 
1 the data with N(@ > N(O)2 in order to neglect 
the harmonic confinement along the tube. The best- 
fit values for the loss rate x obtained for different 
lattice depths ¥, are shown in Fig. 3A. 

‘A prediction for x can be developed starting 
from the Lieb-Liniger Hamiltonian (16, 14). In 
the presence of a periodic potential in the tight- 
binding limit, we obtain a Bose-Hubbard model 
(26) with tunneling amplitude J and on-site inter- 
action Re(U). J and U can be expressed in terms 


xy 
=O 


of m, a, and a Wannier finction. = —2im(UYh 
is the rate at which two particles atthe same site 
‘ae lost. In this model, losses occur when two par- 
ticles occupy neighboring sites and one of them 
hops to the others site. For strong inelastic inter 
actions (7h <1), we obtain an effective loss 
rate [for two neighboring particles (Fig. 4). An 
extension ofthis double-well mode! to many sites 
yields x =P (14) s0 that 

32 f | [Relay] 

PE {i El } @ 

This coefficient shows again that for stong 
inelastic interactions (I —+ ce) particle losses are 
inhibited. For large, finite values of T one can, as 
before, observe such an inhibition by looking at 
the particle losses. We fit Eq. 4 to the data in 
Fig. 3A. With [Re(a)| << Im(a)| there is only 
‘one free ft parameter. The best-fit value is Ky 
1.7 «10° +03 x 10° em’/s, which is close to 
the result of Fig. 1. As V(E, increases from 1.7 10 
10, P increases from 45/ms to 82'ms. 

In onder to test the quality of this analytic 
smode!, we performed extensive numerical caleu- 
lations by solving the master equation (14) with 
use of matrix product density operators (27). They 
reveal that the system maps to a very good ap- 
proximation to a fermionized gas and that it loses 
its memory about the initia state in a time ~1/T. 
During this very short time, only litle loss oc- 
cours, and after this short transient the loss is well 
described by a time-independent ¢ with « from 
Eq. 4. We find good agreement between exper- 
{mental data, analytic model, and numerical re- 
sults in Figs. 2 and 3. 

For [Re(a << [Im(a),, Eq. 4 tells us that the 
larger the loss coefficient F, the smaller the actual 
Joss rate x. This means that fast on site loss tends 
to preserve the initial state and thus suppresses 
‘tunneling in the many-body system. This can be 
{interpreted as a manifestation of the continuous 
quantum Zeno effect (25): Fast dissipation freezes 
the system in its initial state. Without this Zeno 
cffect, one might naively estimate that tunneling 
‘would occur at a rate ~2Jh. If each such tun 
neling event would lead to immediate loss, then 
2h should set the time scale forthe loss, but that 
estimates toonaive,as the dashed line in Fig. 3A 
shows. 

‘The value of Ksp extracted from Fig. 3A is 
‘used to calculate "and thus ¢@ = «/T (14) for 
‘each experimental data point. The results (Fig. 3B) 
agree well with the theoretical expectation (Solid 
Tine) based on the same value of Kap. The smallest 
‘measured value of ¢ = 4.6 x 10*+0.7 «10% 
represents an improvement of more than two or- 
ders of magnitude over previous experiments (23). 
‘Note that a noninteracting gas has ¢= 1 at any 
lattice depth. The observed suppression of g°?is 
‘caused by the inelastic interactions, not by the 
lattice itself. Moreover, the strength of the corre- 
lations in our experiment is determined by the 
interparticle interactions. This stuation differs 
fundamentally from experiments in very deep 
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lattices where tunneling is negligible on the time 
scale of the experiment, interactions are irrelevant, 
and bosonic symmetrization of the wave function 
is possible but has no detectable consequences. 

‘The mechanism introduced here could also 
give rise to other strongly comelated states, such 
asa Laughlin state (7) or one with anyonic exci- 
tation (2). The present paper opens up the pos- 
sibility of observing exotic quantum many-body 
phenomena in systems that suffer from strong 
{inelastic collisions. Furthemnore, the rate cocf- 
ficients for those collisions may be artificially 
increased by using photoassociation or Feshbach 
resonances, thus further reducing the actual loss 
rate in the strongly correlated regime. 
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Subdiffraction Multicolor Imaging 
of the Nuclear Periphery with 3D 
Structured Illumination Microscopy 


Lothar Schermelleh,** Peter M. Cariton, * Sebastian Haase," Lin Shao,” 
Lukman Winoto,* Peter Kner,’ Brian Burke,* M. Cristina Cardoso, * David A. Agard,* 
Mats G. L. Gustafsson,* Heinrich Leonhardt,**t John W. Sedat™*t 


Fluorescence light microscopy allows multicolor visualization of cellular components with high 
specificity, but its utility has until recently been constrained by the intrinsic limit of spatial 
resolution. We applied three-dimensional structured illumination microscopy (3D-SIM) to 
circumvent this limit and to study the mammalian nucleus. By simultaneously imaging chromatin, 
nuclear lamina, and the nuclear pore complex (NPO), we observed several features that escape 
detection by conventional microscopy. We could resolve single NPCs that colocalized with channels 
in the lamin network and peripheral heterochromatin. We could differentially localize distinct NPC 
components and detect double-layered invaginations of the nuclear envelope in prophase as 
previously seen only by electron microscopy. Multicolor 30-SIM opens new and facile possibilities 
to analyze subcellular structures beyond the diffraction limit of the emitted light. 

ight microscopy is a key technology in 
‘modem cell biology and, in combination 


a diameter of about half the wavelength of the 
cmited light (2, 3). Because the wavelengths of 


with immunofuorescence, fluorescent pro- 
tein fusions, or in situ hybridization, allows the 
specific localization of nearly all cellular compo: 

nents. A findarental limitation of optical micros- 
copy is its low resolution relative to the scale of 
subcelular structures, This limitation occurs be- 

cause light traveling through a lens cannot be fo- 
cused to a point but only to an Airy disk (J) with 


visble light range from 400 to 700 nm, objects 
closer than 200 to 350 nm apart cannot be re 
solved but appear merged into one. 

Improving resolution beyond the 200-nm dif- 
fraction limit while retaining the advantages of 
Light microscopy and the specificity of molecular 
imaging has been a long-standing goal. Here, we 
present results demonstrating that this goal can be 


Fig. 1. Subdiffraction resolution imaging with 3D-SiM. (A 
and B) Cross section through a DAPI-stained C2C12 cell 
nucleus acquired with conventional wide-field Wumination 
(@) and with structured illumination (8), showing the striped 
interference pattern (inset. The renderings to the right 
illustrate the respective support of detection in frequency 
space. The axes k, ky and k, indicate spatial frequencies 
along the x, y, and z directions. The surfaces of the 
renderings represent the corresponding resolution limit. The 
depression of the frequency support (“missing cone") in 2 
direction in (A) indicates the restriction in axial resolution of 
conventional wide-field microscopy. With 3D-SIM, the axial 
support is extended but remains within the resolution limit. 
(O Five phases of the sine wave pattern are recorded at 
each z position, allowing the shifted components to be 


achieved with the use of a microscope system 
that implements three-dimensional structured il- 
‘umination microscopy (3D-SIM) (4) in an easy- 
tonuse system that makes no extra demands on 
experimental procedures. Structured illumination 
microscopy (SIM) resolves objects beyond the 
diffraction limit by ithuminating with multiple in- 
terfering beams of ight (5). The emitted light 
then contains higherresolution image informa- 
tion, encoded by a shift in reciprocal (Fourier, or 
frequency) space into observable modulations of 
the image, in a manner similar to the formation 
of Moiré pattems (Sg. SI). This extra information 
can be decoded to reconstruct fine details, re- 
sulting in an image with twice the resolution of a 
conventional image taken on the same micro- 
scope (Fig. 1 and fig. S2). The 3D-SIM method 
extends previous 2D SIM methods by using 
three beams of interfering light, which generate a 
pattem along the axial @) direction as well as the 
lateral (x and y) directions. We implemented 3D. 
‘SIM in a custom-built microscope designed for 
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3 image stacks at 3 angles 


separated and returned to their proper location in frequency 
space. Three image stacks are recorded with the diffraction 
rating sequentially rotated into three positions 60° apart, 
resulting in nearty rotationally symmetric support over 2 
larger region of frequency space. (D) The same cross section 
of the reconstructed 30-SIM image shows enhanced image 
details compared with the original image (inset). The 
increase in resolution is shown in frequency space on the 
right, with the coverage extending two times farther from 
‘the origin. Scale bars indicate 5 jum. 
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ease of use so that slides prepared for conven- 
tional microscopes can be imaged without any 
further treatment, and operation of the microscope 
{s similar to any modem commercial system. Al 
though several subdiffraction-resoiution optical 
microscopy methods have been developed in 
the past decade (6-8) and have been used to ad 
dress specific biological questions (9, 10), they 
still present limitations, such as the restriction of 
the resolution enhancement to either the lateral 
or the axial direction or to the near or evanes 
cent field, limited multicolor and 3D sectioning 
abilities, and the requirement of umusual dyes. 3D- 
‘SIM is curently the only subdiffraction-resolution 
{maging technique that allows detection of three 
(and potentially more) wavelengths in the same 
sample, using standard fluorescent dyes, with 
3D optical sectioning and enhancement of res 
olution in both lateral (x and y) and axial (2) 
directions. 

‘We used 3D-SIM to probe higher order chro- 
‘matin structure and the relative localization of 
nuclear pores, the muclear lamina, and chromatin 
at the muclear periphery in mammalian tissue 
culture cells (11). The vertebrate nuclear pore 
complex (NPC) is a ~120 MD protein complex 
(22) that mediates communication and selective 
exchange between the nucleoplasm and cyto- 
plasm. The relation between chromatin, the NPC, 
and other components of the nuclear envelope, 
such as the muciear lamina, has been extensive! 
studied (13, 14). Electron microscopy (EM) has 
been instrumental in determining the fine struc 
ture of the NPC (12, 15-17), but it cannot pro- 


Fig. 2. Comparison of wide-field imaging and 3D- 
SIM in resolving interphase chromatin fine struc- 
ture. 3D image stacks of the same DAPI-stained 
C2042 cell nucleus were recorded with con- 
ventional wide-field illumination (left) and with 
3D-SIM (right). Deconvolution was applied to the 
wide-field data set (middle). Scale bar, 5 jum 
Arrowheads indicate the position of the respective 
cutting planes. (A) Mid cross section shoves brightly 
stained chromocenters of clustered (pert kentromeric 
heterochromatin. (Insets) Higher-detail informa- 
tion of chromatin substructures when recorded with 
3D-SIM. Arrow points to a less-bright chromatin 
Structure that has been spuriously eroded by the 
deconvolution procedure. (B) Projection of four 
apical sections (corresponding to a thickness of 
5 yum) taken from the surface of the nuclear 
envelope closest to the coverslip. Whereas the raw 
image shows diffuse DAPI staining, the decon- 
volved image shows more pronounced variations 
in fluorescence intensities. Image data with 3D- 
SIM extended-resolution information reveal a 
punctuated pattern of regions devoid of DAPI 
staining. (C) Orthogonal cross-section through 
the entire 3D image stack demonstrates the low 
sectioning capability of conventional wide-field 
microscopy, which cannot be mitigated solely by 
deconvolution. In contrast, clear layers of pe- 
ripheral heterochromatin can be resolved with 
3D-SIM (arrows). 


vide a global 3D view of the entire micieus with 
specific labeling of the molecular components. 
3D-SIM can bridge this technology gap and shed 
ight on the nuclear periphery 

We first tested the ability of 3D-SIM to re 
solve the fine structure of interphase chromatin 
in three-dimensionally preserved formaldehyde- 
fixed mouse C2C12 myoblast cells stained with 
‘6-diamisdino-2-pheny‘indoie (DAPD. For com- 
parison we recorded a reference image stack with 
conventional wide-field epifluorescence micros 
copy and applied constrained iterative deconvo: 
lution (18) to reduce out-of-focus biur (Fig. 2) In 
the 3D-SIM image, chromatin shows a more ev 
dently Sbrous substructure, and a brighter rim of 
heterochromatin staining is visble near the nuclear 
envelope as observed by EM. These chromati 
dense regions are surrounded by chromatin-poor 
regions, consistent with the interchromatin com 
partment observed by combined fuorescence 
and electron microscopic studies (19). 

Unexpectedly, in 3D-SIM images of the m: 
clear periphery, we observed thousands of we! 
defined holes in DAPI staining, which could not 
be observed in the comesponding wide field ep 
fluorescence images (Fig. 2B). The size, number, 
and position of these holes suggested that the 
represented the exclusion of DNA. from NPCs. 
To test this hypothesis and the potential of 3D- 
SIM for simultaneous multicolor 3D imaging of 
various muciear structures, we co-immunostained 
these cells with NPC-specific antibodies and 
antibodies against lamin B. For comparison 
we recorded 3D image stacks of cells from the 
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same sample with state-of the-art confocal laser 
scanning microscopy (CLSM) and applied de- 
convolution (Fig. 3, A and B). The intermediate 
filament protein lamin B is a major component 
of the nuclear lamina that lines and stabilizes the 
nuclear envelope (20). The NPC antibodies used 
here (refered to as aNPC) are directed against 
the FG-repeat domain common to several mu- 
clear pore proteins and mainly detect Nup62, 
‘Nup214, and Nup3S8, which are located in the 
center and at the cytoplasmic side of the NPC 
(21) with a minor signal from Nup13. In lateral 
cross sections of 3D-SIM image stacks, we con 
sistently observed the peripheral heterochroma 
tin rim outlined by a fine heterogeneous layer of 
the muclear lamina and nuclear pore signals fur 
ther above the lamina. This clear triple layered 
‘organization was not resolvable with CLSM (Fig, 
3A), For comparison, we also used a monoclonal 
antibody specific for Nup153, which is located 
con the mucieoplasmic side of the NPC (21) and 
obtained a pore signal in the same plane as the 
Jamin B signal, demonstrating the potential of 3D- 
‘SIM to resolve subtle differences of epitope loca 
ons within the NPC (Fig. 30). In apical cross 
sections, we found that NPC foci stricty localize 
within DAPI voids (Fig. 3B and movie S1). With 
very few exceptions, every DAPI void contained 
a focus of NPC staining and vice versa, suggest- 
ing that most if not all NPCs exclude chromatin 
from their immediate vicinit 
We calculated the density of NPC foci in 3D- 
‘SIM and confocal images (Fig. 3 and fig. $3) by 
using automatic detection with identical criteria 


Wiacheld edeconvolution 
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The 3D-SIM image showed an average (SD) 
of 56 * 33 foci per win’, whereas only 2.8 + 
11 foci per um? were detected in the confocal 
image. By comparison, 12 + 1.8 NPCs per jum” 
have been observed in mouse liver nuclei by 
fieeze-fcture EM (22), Although the numbers 
cannot be directly compared because of cell type 
and cell eyele-dependent variations (23), they 
stil indicate that 3D-SIM detects and resolves 
most NPCs and outperforms CLM 

Although the discrete chromatin voids at NPCs 
are not visible in confocal or standard wide-field 
images, the intensity of DAPI staining should 
sill show fuetuations that antcomrelate with NPC 
foci. We also reasoned that, even though the lam 
ina does not show a striking one-to-one exclu 
sion from NPCs under any of our methods, it 
should sill be anticomrelated with the NPCs. To 
pursue these questions, we examined the aver 


cis 
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age environment of an NPC focus in our images 
(Bg. $4). Sub-images were cropped from the 
data set centered on the peak intensities of NPC 
foci, which were automatically detected in 3 
Intensity profiles through the center of each sub 
image show a drop in intensity in DAPI stain 
us, in all confocal 
3D-SIM images. A similar drop in intensity 
of the 5 iy in the case of 3D- 
SIM. In composites of the sub-images, a central 
hole can be seen in the DAPI channel. This in 
dicates that the expected intensity fluctuations 
are present in all cases. The composite lamina 
image recorded by 3D-SIM also shows a hole, 
which was not detected by confocal microscopy. 
The width of the NPC signal was determined 
from intensity profles by measuring the full 
Width at half maximum. With CLSM this width 
‘was ~200 nm (192+ 17 and 192+ 1] nm before 


CLsM+deconvolution 


and affer deconvolution, respective! 
essentially reflects the point spread function 
(PSF) of CLSM. In contrast, the measured width 
‘of NPC signal recorded with 3D-SIM was 120: 
3 nm, which is in good agreement with EM 
‘measurements (15). 
Many of the nuclei we imaged contained in 
ions of the nuctear envelope that are es- 
lly prominent near the centrosome during 
prophase. These invaginations have been shown 
by EM studies to be tubular extensions of both 
nuclear envelopes (24), but because their width 
{is generally smaller than the diffraction limit they 
appear as a single line by conventional micros- 
copy. We investigated these miclear invagina 
tions in prophase nuclei by CLSM and 3D-SIM 
Gig. 4) and could resolve the bilaminar struc 
ture of these invagination only with 3D-SIM 
(movie S2). This detailed substructure of mictear 


30-sIM 
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Fig. 3. Simultaneous imaging of DNA, nucear lamina, and NPC epitopes by 3D-SIM. C2C12 cals are immu- 
nostained with antibodies against lamin B (green) and antibodies that recognize different NPC epitopes (red 
DNA is counterstained with DAPI (blue). (A) Central cross sections. (B) Projections of four apical sections (or- 
responding toa thickness of 0.5 jum). Boxed regions are show below at 4x magnification; scale bas indicate 
5 im and 1 jm, respectively. (A) CLSM and deconvolution stil show partially overlapping signals. In contrast, with 3D-SIM the spatial separation of NPC, lamina, and 
chromatin and chromatinree channels underneath nuclear pores are clearly sible. (B) Top view on the nuclear envelope. Whereas CLSM fails to resolve close nuclear 
potes, 3D-SIM shows clearly separated NPC signals at voids of peripheral chromatin and surounded by an iregular network of nucear lamina (C) Mid sections 
comparing stainings wth an antibody that mainly reacts with Nup214, Nup3S8, and Nup62 (aNPO) and one specfically recognizing Nup153 (aNup153). The aNPC 
signal is above the lamina (140 + 8 nd, whereas the aNup153 pore signal at the same level as the lamina (~15 + 20 nm). Scale bars 1 um. (D) Schematic outline 
of the NPC, showing the relative positon of Nup proteins and surrounding structures. ONM, outer nuclear membrane; INM, inner nuclear membrane. 
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{invaginations has so far only been detected by 
transmission electron microscopy (TEM) (fg, 
85). We also quantified the width of the lamin BB 
signal in interphase nuclei in lateral and axial 
directions by fitting Gaussian curves to the mea 
sured intensities. Because the thickness of the 
lamina is in the range of 20 to SO nm, the ob- 
tained values should reflect the resolution limit 
of either of the applied methods. With 3D- 
SIM we determined a width of threads in the 
Jamin network with an upper limit of 98-= 12-nm 
laterally and 299 + 22 nm axially, whereas 
confocal images showed more than twofold 
higher values (243 + 30 nm laterally and 736 
225 nm axially). Subsequent deconvolution of 
CLSM datamages did not improve the lateral 
@31 + 28 nm) but did improve the axial (418 
26 mm) resolution, which is mostly due to an 
increased signal-to-noise ratio by removing out 
offocus blur and suppression of background 


2) This 3D imaging of complex biological stnuc- 
tures demonstrates about twofold enhanced 
resolution of 3D-SIM over conventional fluo- 

‘maging techniques in lateral and axial 
directions. 

“Many cellular structures and macromolecular 
complexes, including the nuclear envelope and 
its pores, fall just below the diffraction limit of 
conventional fight microscopy, preventing quan 
titative analysis. In doubling the resolution of 
conventional microscopy in three dimensions, 
3D-SIM was able to resolve individual nuclear 
pores, detect and measure the exclusion of chro 
‘matin and the nuclear lamina from nuclear pores, 
and accurately image invaginations of the muciear 
envelope caused by the formation of the mitotic 
spindle. We have demonstrated both an increase 
in quantitative precision of measurement and the 
detection of novel cytological features, by imag 
ing toa resolution approaching 100 nm. 


Fig. 4. Invaginations ofthe nuclear envelope in mitotic prophase. C2C12 cells are immunostained with antibodies against 
lamin B (green), and the DNA is counterstained with DAPI (magenta). (A) Maximum intensity projections, (B) lateral, and 
(© orthogonal cross sections. Scale bars, 5 um. Inset boxes are shown below at 4x magnification (scale bars, 1 jm). 30- 
SIM reveals the globular substructure of condensed chromosomes and the fine-structured fibrillar network of the nuclear 
tamina (movie 52). (D) Lateral and axial line profiles of dashed lines in (B) and (Q, respectively. Whereas the lateral peak 
Widths are only stightly decreased in the lateral direction (1 versus 1), the axial profiles show clearly decreased peak widths 
after deconvolution, indicating a substantial improvement of axial resolution (2 versus 2°). With 30-SIM, the peak widths of 
the lamin B signal are about halved with respect to the deconvolved confocal image in lateral and axial directions, and double 
peaks are resolved where only single peaks are seen in the confocal profiles. Similarly, DAPI staining shows muitiple small 


peaks, which again reflects the increase of image detaiis in 3D-SiM. 


this level of resolution is less than that afforded 
by other techniques such as stimulated emission 
depletion (STED), photoactivated localization 
(PALM), or stochastic optical reconstruction 
(STORM) microscopy (25-29), 3D-SIM is cur: 

rently the only subdiffraction-resolution imag. 

ing technique that can produce multicolor 3D 
images of whole cells with enhancement of 
resolution in both lateral and axial directions. 

Notably, these results were obtained with stan- 
dand cytological methods, without the need for 
inconventional fluorescent dyes or coverslips, and 
‘on.a microscope platform designed to be no more 
difficult to use than a conventional commercial 
microscope. The possibility of using 3D-SIM 
with well-established standand labeling tech- 
niques and to simultaneously locate different 
‘molecules or structures in the 3D cellular context 
‘opens interesting new perspectives for molecular 
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Intersection of the 
and X-Inactivation 


Yuya Ogawa, Bryan K. Sun, Jeannie T. Lee* 


RNA Interference 
Pathways 


In mammals, dosage compensation is achieved by X-chromosome inactivation (XCI) in the female. 


‘The noncoding Xist gene initiates 


ncing of the X chromosome, whereas its antisense partner Tsix 


blocks silencing. The complementarity of Xist and Tsix RNAs has long suggested a role for RNA 
interference (RNAI). Here, we report that murine Xist and Tsix form duplexes in vivo. During XCI, the 
duplexes are processed to small RNAs (sRNAs), most likely on the active X (Xa) in a Dicer-dependent 


‘manne 


Deleting Dicer compromises sRNA production and derepresses Xist. Furthermore, without 


Dicer, ist RNA cannot accumulate and histone 3 lysine 27 trimethylationis blocked on the inactive X (Xi. 
‘The defects are partially rescued by truncating Tsix. Thus, XCI and RNAi intersect, down-regulating 


LXist on Xa and spreading silencing on Xi. 


chromosome inactivation (XCI) (1) 

x balances X-chromosome dosages be- 
tween XX and XY individuals. XCI is 
initiated by Xist (2, 3) and opposed by Trix (4), 
How ist induces XCI on inactive X (XG) and 
how Zhic stably silences Ast on active X (Xa) re- 
‘main two unanswered questions. A role for RNA 
{interference (RNAi) has long been speculated. 
RNAi refers to the repressive influence of double- 
stranded RNA (dsRNA) on gene transcription 
and transcript stability (5, 6). Numerous similar- 
ities, including the involvement of noncoding 
RNAs, can be found between XCI and RNAi 
silencing of constitutive heterochromatin. How- 
ever, a deficiency of Dicer (Dect) has no obvious 
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effect on maintaining Xi in T ces (7) and, al- 
though Xist and Tsix RNAs are perfectly comple- 
‘mentary, dgRNAS nd never been observed in vivo. 

Here, we formally explore a role for RNAi in 
XC To search for small RNAs (RNAS) within 
Xisd/ Tix, we performed Northem analysis in 
mouse embryonic stem (ES) cells, a mode! that 
recapitulates XCI during cell differentiation ex 
vivo; and in mouse embryonic fibroblasts (MEFS), 
post XCI cells that faithfully maintain one Xi. 
‘Atrepeat A, a region of ist required for silenc- 
ing (8), we observed sRNAs at ~30 nucleotides 
(at) and ~37 nt in the Tsx orientation and at ~25 
and ~35 nt in the Xist orientation (Fig. 1A). At 
LXist exon 7, SRNAs occurred between 24 and 
42 nt on the Tsix strand and at ~25 and ~35 nt 
‘on the Xist strand (Fig. 1B). At the promoter, 
robust quantities of Tsix-strand sRNAs were 
observed (Fig. 10). sRNAs were also seen on 
the Xist strand, implying that low-level sense 
transcription must occur at the promoter. The 


integrity of all Norther blots was confirmed by 
micro RNA 292-as (miRNA292-as) and (RNA 
contro’s (Fig. 1 and fig. SI). The sRNAs were 
developmentally regulated, being unmeasurable 
inthe pre-XCI [day 0 (d0)] and post-XCI (MEF) 
sates and detectable only during XCI (@4 and 
4410), Furthermore, sRNAs occurred in both XX 
and XY cells. For discussion purposes, we call 
them xiRNA for their X inactivation center origin, 
disinct from the smaller small interfering RNA 
(RNAs) and miRNAs. 

To determine whether xIRNA production de- 
pends on antisense expression, we avestgated 
ES cells in which Trix was deleted (Tsix“”") (4) 
and the Tix regulator Aite (Aite) (9). Deleting 
Tix resulted in a dramatic reduction in antisense- 
strand xiRNA (Fig. ID). A residual level of 
XiRNA was stl detectable, consistent with eryptic 
promoter activity in Tix“ (4), Deleting Xite 
likewise reduced antisense xiRNA levels, 
consistent with a requirement for Xite in trans” 
activating 7x (9). In the sense orientation, both 
deletions also compromised xiRNA production. 
‘Thus, sRNAs are indeed generated from Xis/Tsie 
and depend on Tsix and Xite expression, 

The presence of xIRNAS implied that Tsix 
and Xist must exist as long duplex precursors. 
However, the developmental timing of xiRNA 
appearance is paradoxical: Although Tsix and 
XXist are ballelcally expressed on d0, they be- 
come monoallelically expressed on opposite Xs 
during XCI (A. On dO, three to five copies per 
chromosome of Xist RNA are present, whereas 
‘Taix occurs at >10-fold molar excess (10-12) 
Upon XCI, Tsix is down-regulated on Xi as Xist 
upregulates >30-fold. On Xa, Tsix persists as 
Xist is down-regulated. How would dsRNA form 
‘when Tsix and Xist, both cis-imited, are on op- 
posite chromosomes during XCI? 
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To determine whether Tsix and Xist formed and dsRNAs to RNase A/TI. We permeabilized specific reverse transcription polymerase chain 
dsRNA, we devised an in vivo ribonuclease replicate preparations of d0 ES cells in a non- reaction (RT-PCR) on the protected RNAS, To 
(RNase) protection assay based on differential denaturing buffer containing deoxyribonuclease confirm assay sensitivity, a positive control into 
susceptibility of single-stranded RNA (RNA) I (DNase 1) and RNase, and performed strand- which one copy per cell of in vitro-transeribed 


Ere tonne Maat 
Zo 4 ino 4 10™ F campy 


Ps 


FFig. ‘1. sRWAs derived from TsivXist. (A) xiRNAs from Xt repeat A (XA) region blots. M, male F, female. (B) Northem analysis of xiRNAs from Nist exon 7 (XEX7). 
(map) detected by Norther anajsis. Sense (2) and antisense (ad) riboprobes (C) Northem analysis of Xist promoter (XP) region. (0) Northem anabsis of 
detected Tsix and Xist, respectively. miR292-2s controls are shown on the same mutant cells WT lanes are identical to those in (A) (concurrent analysis) 
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and annealed TsixXist dsRNA was spiked could 
readily be detected with this protoco! (Fig. 2, A 
and B). The abundant single-stranded bonucieo- 
tide reductase M2 (Ram2) and glyceraldehyde 
Phosphate dehydrogenase (Gapdh) transcripts 
‘were not amplified, indicating that our assay 
was specific for dsRNA We consistently ob- 
served RNase-protected Xist and Tsix RNA 
strands in XX and XY ES cells, suggesting the 
presence of dsRNA (Fig 2B). Real-time REPCR 
‘quantitation showed that ~16% of Xist and ~13% 
of Tsix strands were protected (Fig. 2C). As ex 
pected of duplexes, approximately equal stoi 
chiometric ratios of the two strands were present 
in the RNase-protected fraction. Kinetic analysis 
revealed decreasing amounts of dsRNA during 
differentiation in XX and XY cells (Fig. 2D) 
‘Thus, steady-state quantities of both dsRNA and 
MIRNA are developmentally regulated, but in an 
‘opposite manner. 

‘The inverse correlation over time raised the 
possibility that dsRNA is processed to xiRNA. 
‘To address potential alleic differences, we per- 
formed allele-specific RNase protection assays 
using two genetically marked female ES cell 


lines: wildtype (WT) 16.7, which carries Xs 
from Mus castaneus (X*) and M musculus 
™) and undergoes random XCI [with a 
natural 30:70 specifc-specific bias (23)], and 
Tse" noatants, which harbor a Taix deletion 
‘on X™* (4) and therefore always inactivate X™"* 
{in the 167 background. Total Tsix RNA (with 
no RNase treatment) decreased >10-fold over 
time, but a low residual level could still be 
detected at d4 and d10 as expected (4, 9, 14) 
‘From this residual pool, using single-nucleotide 
polymorphism (SNP)-based allele-specific prim- 
rs at position 3, we unexpectedly found that 
duplexed Tsix (RNase protected) in Tax*°* 
cells predominantly originated from Xi (X™") 
(Fig. 2E), the X on which the major Tix pro- 
moter is deleted. Likewise, the Xist strand found 
in duplex form originated from Xi. Thus, Tsix-Xist 
duplexes are detected primarily from Xi. 
‘Duplexes may form only on Xi, or they may 
form on both Xs but be stable only on Xi. The 
ibility is notable, considering the in- 
‘verse Kinetic relationship between the appearance 
of long dsRNA versus RNA. Could dsRNA 
‘be processed to xiRNA on Xa? Several observa- 


ec Q woes 


z 
ey 


lative RNA 
copy number 


2 


tions favored this idea. First, dsRNA was sel 
tively lost fom Xa, Second, xiRNA production 
depended on Tix, 2 gene expressed from Xa 
from d4 to d1O. Finally, despite lacking Xi, XY 
cells produced xiRNAs. 

Because deRNAs are substrates for Der, we 
tested Der's role by deleting Der’s RNAselll 
domain in female ES cells (25) (fig. $2), Be- 
cause Der-deficient (Der “) cells are known to 
grow poorly (/5), we introduced a Der trans- 
ene expressed at <<5% of WT levels (Fig. 3, A 
and B) and improved the growth of Der” 
clones (henceforth referred to as Der"). North- 
em analysis revealed diminished xiRNA levels 
Gig. 3, C and D), suggesting that xiRNA pro- 
dduction depends on Dex All tested Der-deticient 
clones behaved simdarly. ist expression prema- 
turely increased S- to 10-fold in pre-XCI cells 
(ig. 3B), implying increased Nv¢ transcription or 
greater RNA stability. Male Der clones like- 
‘wise showed significant Xist derepression on d4 
(Gg. S3). Thus, Der regulates XiRNA levels and 
antagonizes Xist upregulation in ES cells 

RNA immunofiuorescence in situ hybridiza- 
tion GimmunoFISH) analysis showed that Der has 


-3 
2 
BS i canoe 
10 
xe (WF (had ANA 
iomoaae 
Fd 
22 
2 - 
P | 
1 Tex Ww AM floel RAA) 
Samara 
é | 
PP a a 
wr Tanah, 


2. Tsix and Xist RNA form long duplexes in vivo. (A) Map of TsivXist and 
primer pairs (astersts).(B) In vivo RNAse protection assay (C) Relative quantities 
of Xist and Tsic in duplexes measured at postion 2 (base pairs 1206 to 1337 of 
Xs) by srand-specific real-time RT-PCR of protected RNA (RNase) as compared 
with total levels (RNASE). Quantities are standardized to Xist in the Xis-Isic 
duplex (for Xist, RNase” = 1). Eror bars indicate 1 SD in triplicate reactions. (D) 
Quantities of protected Tsix or Xist RNAS (RNase") relative to total Tsk or Xist 
RNase") for in vivo RNase protection assays. Eor bars indicate 1 SD in triplicate 


reactions (E) In vivo RNase protection assays to test allelic origin of dsRNA using 
strand:-spediic, allele-specific real-time RT-PCR with SNP-based primers for X™" of 
1X alleles (top). PCR of control genomic DNA shows high specity (98% for 
‘mus and >99.99% for cas). Eror bars indicate 1 SD in tipticate reactions. For 
‘test samples, the mus and cas fractions were amplified separately, normalized 
to genomic DNA (X*5X"" = 1:1), and plotted as a function of time. Percent of 
Cas = [X™ RNA/OX RNA + X™™" RNA)] x 100. Because the bars show relative 
allelic fractions, quantities are only comparable within a single time point. 
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additional 


I effects, Despite elevated Xist 


levels, Xist could not “coat” the X nor induce 
st 


heterochromatic changes (Fig. 3E). On d10, 
RNA accumulation occured in only 0.4 
cells (x ~278 cells) and histone 3 (H3) lysine 27 
(K27) trimethyiation (H3-3meK27) in 0.7% of 
cells (n= 278 cells). By contrast, in Der 2iox/ 
{heterozygous Der knockout carrying one con- 
ditional allele (21oxP sites) and one deleted allele] 
controls, Xist accumulated in 56.8% and H3- 
3meK27 in 83.1% of cells (n = 148 cells) 
Moreover, the X-linked Meqp? gene failed to be 
dosage-compensated in Der cells, whereas it 
appropriately decreased 1.5- to twofold in con- 
trols (Fig. 3A), Therefore, in addition to local 
effects on Aist, Der also affected Xi globally 
because the formation of Xist and H3-3meK27 
domains was compromised without Dex. 
Because XCI and cell differentiation are 
linked (16, 17), the XCI defects might be ex 
plained by Der's pleiotropic effects on dif 
ferentiation (15, 18) rather than spec 


on XCL. Indeed, Do“* clones differentiated 
poorly and continued to express Oct4 and Nanog 
pluripotency factors on d10 (Fig. 3, A and F, fig 
$3). To determine whether Der specifically 
fects XCI, we truncated Tsix by inserting a po! 
adenylate cassette in Der” cells (fig. S4, 
reasoning that disabling Zséx, which negative! 
regulates Aist, might overcome the failure to 
cumulate Xist RNA. As expected, Der” Trix 

double mutants (Der-TST) and Tix * controls 
(IST) showed truncated Tsix expression from 
X™ and highly skewed XCI pattems (Fig. 4A) 
Although Der-TST cells contimied to differen 


tiate poorly (Gg. $5), total Xist levels were 
restored to nearly WT levels during different 
ation (Fig. 4B). Furthermore, disabling Tsix par- 
tially restored Xist localization to Xi (Fig. 40). 
Therefore, Der’s effect on XCI can be genetical 


effect on ce! 


REPOR 


(Fg. 4D), In WT and TST controls, Xist accu 
‘mulation was almost always accompanied by 
robust H3-3meK27. In contrast, 30 to 40% of 
Xist” Der-TST cells displayed weak or no H3. 
3meK27 foci, implying that H3-3meK27 also 
depends on Der. These data showed that Xist 
accumulation and H3-K27 methylation are ge- 
netically separable. We conclude that Der inter- 
sects XC in several ways, Locally, Der controls 
XIRNA and Xist expression. Globally, itrepulates 
‘Xist accumulation and H3-3meK27 on Xi 

In ageregate, our data suggest specific effects 
of RNAi on XCI (Fig. 4E). Der and ZivAist 
genetically interact, and a second-site mutation in 
‘six pantally suppresses the Der effect on Xist 
We propose that TsicXist duplexes initially fom 
on both Xs. During XCI, continued expression 
of Tsix on Xa would lead to dsRNA processing 
to XIRNAs, which would locally repress Xist in 
cis, an idea reminiscent of transcriptional gene 
slencing (TGS) (6, 19-21), Consistent with allele 
specific TGS at Mist, RNA directed DNA methyl 
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|. 3. Der deficiency impairs xiRNA production and XCI. (A) Quantitative 
real-time RT-PCR of indicated transcripts normalized to factin. (B) Xist 
quantitation plotted on a log scale. (C and D) Northern analyses of 
miRNAZ92-as control (C) and xiRNAs (D) in mutant cells. There is an 


bodies (EB). 


accumulation of miRNAZ92-as precursors (asterisk) in Der 
Immuno-RNA FISH for ist and H3-3meK27 on 410. 4,6’-diamidino-2- 
phenylindole (DAPI), blue. (F) Phase contrast images of 410 embryoid 


cells. (E) 
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4, Tsic genetically interacts with Ocr. (A) Allele-specfic RT-PCR analysis. All RT 
reactions were negative (not shown in figure). Xist dO samples (asters) were 10- 
fold overloaded to visualize low expression. tpl, tiple polyA cassete: Puro, 
puromycin; IRES, internal ribosome site; SA, spice acceptor. (B) Real-time RF-PCR of 
indicated transcripts, each normalized to fractin. (C) Immuno-RNA FISH for Xist and 
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Xist repression 


Global silencing 
Chromosome-wide effects 


H3-3meK27 domains (arrowheads) on d10. n, sample size. (D) Frequency of 
aberrant H3-3me!27 enrichment inthe Xist” subpopulation of indicated cell lines. 
‘1 = 100 to 150 cells. (E Model of the intersection of RNAi and XC (F) Methylation 
senstive resiction analyst of the Xést promoter. Genomic DNA was digested with 
EcoRV or Eco RV+Hpa Il. The percent of uncut (methylated) DNA at Hp Ils plated. 
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ation by ix has been proposed (J0). Here we 
found that abrogating Der and/or Tsix resulted 
{n decreased methylation atthe 5’ end of Ais (Fig. 
4F), By our model, extremely low Tsix and Xist 
expression might be sufficient to maintain TGS 
(on Xa in post-XCI cells (19). On Xi, chromosome- 
‘wide accumulation of Xist RNA and HB-3meK27 
depends on Det. These ideas support the emerg- 
{ng concept of miciear RNAI processes in mam- 
mals (20, 2/), Because Der is not known to 
cleave RNAs to 25 to 42 nt, the observed effects 
on XCI may be partially indirect. Alternatively, 
Der may have properties yet to be discovered in 
‘mammals. XCI now provides a new system in 
which to investigate RNAi processes. 
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Fission Yeast Pot1-Tpp1 Protects 
Telomeres and Regulates 


Telomere Length 


‘Tomoichiro Miyoshi, Junko Kanoh, Motoki Saito, Fuyuki Ishikawa” 


Telomeres are specialized chromatin structures that protect chromosomal ends. Protection of 
telomeres 1 (Pott) binds to the telomeric G-rich overhang, thereby protecting telomeres and 
‘regulating telomerase. Mammalian POT1 and TPP2 interact and constitute part of the six-protein 
shelterin complex. Here we report that Tpz1, the TPP1 homolog in fission yeast, forms a complex 
with Pott. Tpzi binds to Ccqi and the previously undiscovered protein Pozi (Potl-associated in 
Schizosaccharomyces pombe), which protect telomeres redundantly and regulate telomerase in 
positive and negative manners, respectively. Thus, the Pot1-Tpz1 complex accomplishes its 
functions by recruiting effector molecules Ccqi and Pozi. Moreover, Poz1 bridges Poti-Tpz1 and 
Tazi-Rapt, thereby connecting the single-stranded and double-stranded telomeric DNA regions. 
Such molecular architectures are similar to those of mammalian shelterin, indicating that the 
overall DNA-protein architecture is conserved across evolution. 


jelomeres consist of long arrays of double- 

stranded (ds) G-rich telomeric repeats ter- 

minated by G-rich single-stranded (ss) 
overhangs at the 3”-terminus (G-tai). The Oxytré- 
cha nova tesomere end-binding protein (TEBP}-a 
and -B heterodimers are prototypes of G-tail~ 
binding proteins (J, 2). TEBP-« and -B contain 
oligonucleotide/oligosaccharide-binding (OB) 
fold domains involved in DNA binding and 
protein-protein interaction (3), Protection of telo- 
meres 1 (Potl), the homolog of TEBP-a, binds 
to the G-tal and is essential for telomere protection 
(4,5). Mammalian POT! and the TEBP- homo- 
log TPP! form a complex that protects telomeres 
and regulates telomerase (6-9). POT! and TPPI 
constitute the sheiterin complex together with 
TIN2, RAPI, and ds telomeric DNA-binding 
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proteins TRFI and TRF2 (JO) It has been pro- 
posed that mammalian POTI transduces signals 
from TRFI to negatively control telomerase re- 
action (11). 

‘To elucidate how fission yeast Potl fictions, 
‘we purified proteins associated with Potl. We 
identified Ceql and two uncharacterized pro- 
teins, encoded SPACISGI2.13 and SPACSF6.16, 
‘by mass spectrometry of Pot! immunoprecipi- 
tates (fig. SI and table SI). Coql is a telomere 
‘protein that recruits a SnfPhistone deacetylase 
(HDAC)-containing repressor complex (SHREC) 
(2, 13), SPAC19GI2.13 produces the previously 
undiscovered Potl complex component Pozi 
(Potl-associated in Schizosaocharomces pombe) 
(GenBank accession mumber AB433171). We 
found that the presence of introns in SPACGF6.16 
resulted in encoding a protein larger than that 
predicted in the database (fg. S2). Secondary 
structure-based foid-ecognition programs. pre- 
dicted that the N temminus of the SPACSF6.16 
product (residues 1 to 158) contains an OB fold 
domain that is most closely related to those of 


TEBP- and human TPPI (fig. S2 and table 
$3). Moreover, the product and Potl form a 
complex that protects telomeres and regulates 
telomerase. We therefore conchude that SPACOF6.16 
encodes the fission yeast Tppl homolog, Be- 
cause the gene name ipp!” is already being 
used by another gene in fission yeast, we will 
call this gene tpc!* (IPP1 homolog in Schizo- 
saccharomyces pombe) (GenBank accession 
‘umber AB433170). 

‘The physical association between Potl and 
Coal, Tpzl, or Pozi was confirmed by immuno- 
precipitation (Fig. 1A). Immunofluorescence 
experiments showed that Ceql, Tp2l, and Poz 
colocalize with Potl (fig. $3). A chromatin 
{mrmunoprecipitation (ChIP) assay also demon- 
strated that Coql, Tp2l, and Poz! are specifically 
bound to telomeres (Fig. 1B). Thus, Ceql, Tpzl, 
and Poz1 are closely associated with Pot! at telo- 
meres. Coq! directly associates with Cir3, an 
HDAC in SHREC (/2) (fig. $4). However, Cir3 
‘was not detected in the Potl-precipitated fraction 
and is not involved in controlling telomere 
length, indicating that the Potl complex ident 
fied in this study is distinct from SHREC. 

We used a yeast two-hybrid assay to ex- 
amine interactions between Tpz1 and Potl, 
Cogl, or Paz. Tpz! associated with Potl, Ceql, 
and Pozl (Fig. 1C). However, we did not ob- 
serve any substantial interaction between Pozi 
and Pot! or Coql (fig. $5). Deletion analyses 
revealed that the N tenminus of Tpzi (amino 
acids 2 to 223) is sufficient for the interaction 
with Potl but not with Coql or Pozi [Potl- 
binding domain (PBD)}, The N-terminal OB 
fold (OBI) of Potl (amino acids 1 10 138) is dis- 
pensable for the interaction. In contrast, the C 
terminus of Tpz1 (amino acids 379- to 508) 
interacts with Coql and Poz1 but not with 
Potl [Coq] Poz1-binding domain (CPBD)]. Taken 
together, Tpzl is the core molecule interacting 
with Potl, Coql, and Pozi. The relative posi- 
{Eons of the regions responsible for Potl-Tpz1 
{interaction in Pot! and Tpzl are similar to 
those in TEBP-«/B and human TPP! and POT! 
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(Bg. S12), In fission yeast, telomere-defective 
cells can survive by self-circularizing the three 
chromosomes. Potl-Flag was coimmunopre- 
cipitated with Coql-Myye in telomerase defective 
calls [telomerase reverse transcriptase-1A (Oty, 
tI” encodes the catalytic subunit of telomerase] 
that maintain circular chromosomes lacking 
telomeric repeat sequences (/4, 15), suggesting 
that the Potl complex is formed independent- 
ly of the presence of either ds or ss telomeric 
DNAs or physical chromosomal ends (Fig, 1D) 
‘When pz!” was deleted, the Potl-Coql asso- 
ciation was abolished in circular chromosome- 
containing cells, indicating that Tpel plays a 
crucial role in complex assembly. 

fpzIA cells did not grow or formed very 
small colonies (fig. S2). In the surviving hap- 
loid sp2JA cells, telomeric signals were com 
pletely lost (Fig. 2), chromosome I-derived 
{elomere-containing NotI fragments (I and L) 
disappeared in pulsed-field gel electrophoresis 
(PFGE), and a band comesponding to I+ fused 
fragments was detected (Fig. 2B and fig. SSD). 
‘Such findings are diagnostic of self-circularized 
chromosomes, a hallmark of telomere depro- 
tection (75), and are observed in pot!A cells (4), 
{indicating that fpet” is also essential for telo- 
‘mere protection. To test whether Tpzl protects 
telomeres independently of Potl, a glutathione 
‘Stansferase (GST)-fused N-terminal fragment 
of Tp2l (amino acids 2 to 223) containing PBD 
‘was overproduced. GST-Tp2l (amino acids 2 to 
223) interacted with Potl, and the interaction be- 
tween endogenous Tpzl and Pot! was sub- 
stantially reduced (fig. $6). In this condition, 
telomeric DNA was completely lost and self- 
circularized chromosomes appeared, indicat- 
ing that the physical interaction between Potl 
and Tpzl is required for end protection, as 
‘was reported for mammalian POT! and TPP 
(9, 16). In contrast to ipclA, poclA and ceqlA 
single mutants grew normally. Pozl and Ceql 
tre recruited to telomeres independently of each 
other (fig. $7). However, when acq!* and pact” 
‘were simultaneously deleted, ces rapidly lost telo- 
‘meres and survived by forming self-circularized 
chromosomes (Fig. 2, A and B). Therefore, the 
Potl-Tpzl complex is essential to protect telo- 
‘meres from fusions, and Ceq! and Paz! contsib- 
ute redundantly to this pathway. 

‘poclA and ccgIA cells possessed elongated. 
(up to 2 kilo-base pair long) and shortened 
(by ~200 base pairs) telomeres, respectively 
Fig. 2A) (13). Therefore, Pozi and Coql reg- 
ulate telomere length negatively and positively, 
respectively. Tp2l immunoprecipitates exhibited 
telomerase activity that gave rise to products 
similar to those of Trt immunoprecipitates (Fig, 
2C). The Tpel associated telomerase activity 
‘was abrogated in ceg/A but not in pactA cells. 
Moreover, coq! AtrtIA cells showed similar telo- 
mete length to #t1A cells (ig. S8). The ccq!” 
deletion did not affect the activity of Trl im- 
munoprecipitates (Fig. 2C). These results sug 
gest that Coq! promotes telomere elongation 


by facilitating telomerase recnuitment or sta- 
bilizing the Tpzl telomerase complex but is not 
required for the catalytic activity of telomerase 
per se. 

‘Telomeric DNA is maintained primarily by 
telomerase. Telomere elongation in pac/A cells 
‘was abolished by the deletion of wrt!” (Fig. 3A). 
‘These results indicate that telomeres in pos!A 
cells are elongated by telomerase and suggest 
that Pozi negatively regulates telomerase. Taz, 
the homolog of vertebrate ds telomeric DNA- 
‘binding proteins TRFI and TRF2, associates 
with Rapl. Telomeres are elongated in tac A or 
rap1A cells (17-19), and the elongation in taz 1A 
cells depends on telomerase (14). faz1A or rap 1A 
is epistatic to pac/A in telomere-length con- 


trol (Fig. 3B). The yeast two-hybrid assay 
showed that Pozi specifically interacts with 
Rap! but not Taz! (Fig. 3C). Coimmunopre- 
ipitation experiments demonstrated that Pozt 
interacts with Rap! in a Tazl-independent 
‘manner in vivo (Fig. 3D). These results suggest 
that Pozl acts as a transducer downstream of 
the Taz1-Rapl pathway so as to negatively con- 
tro! telomerase. 

To examine how the Potl complex is re- 
cruited to telomeres, telomeric repeats were in- 
serted into se\f circularized chromosomes lacking 
original telomere repeats in the fr! background 
(Fig. 3E). ChIP assays demonstrated that Pozt 
and Pot! associate with the internal telomeric 
repeats in a Taz1-and Rapl dependent manner, 
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Fig. 1. 5. pombe Pott, Ccql, Tpz1, and Pozi form a complex at telomeres. (A) Potl interacts with 
Ceqi, Tpz1, and Pozi. Immunoprecipitates (IP) were obtained from whole-cell extracts (WCES) with the 
use of indicated antibodies and analyzed by immunoblotting. Arrows indicate positions of tagged 
proteins. HA, hemagglutinin. (B) Tpzl, Pozi, and Ccq1 are bound to telomeres, The ChiP assay was 
performed with subtelomeric and histidine 1° (hisi") gene primer sets. Relative enrichment at telo- 
‘meres as compared with the his locus in the precipitated fractions was determined by the quantitative 
polymerase chain reaction system. Error bars represent SD (n = 3 individual experiments). (C) Physical 
‘association between Tpzi and Ccqi, Potl, or Pozi. Protein interaction was detected by the yeast two- 
hybrid assay. The GAL4 DNA-binding domain (GAL4 DNA-BD) and GAL4 activation domain (GALA AD) 
‘were fused to indicated peptides. 081 and O82 refer to the OB fold domains that were experimentally 


‘established and predicted, respectively (5, 20). (D) 


) p21 is required for Pot complex formation. WCES 


‘were prepared from strains expressing the indicated tagged proteins in the presence or absence of 
tpzT™ in trt1A cells harboring self-crcularized chromosomes. 
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Fig. 2. The Pot1 complex protects telomeres and associates with telomerase activity. (A) Telomere 
length in tpe1A, ccqZA, pozIA, and ccq1Apaz1A. Digested genomic DNAs from indicated strains were 
subjected to Southem hybridization with indicated probes (22). (B) Chromosome cicularization in 
tpz1A and ccq1Apoz1A. Not I-digested DNAS were separated by PFGE. The ethidium bromide—stained 
gel (lef) and Southern hybridization with probes specific for | and L fragments (right) are shown. (C) 
‘p21 coimmunoprecipitates telomerase activity in 2 Ceql-dependent manner. Telomerase activity was 
‘measured in the precipitates prepared from strains expressing indicated proteins in the presence or 
absence of ribonuclease as described in (22) (top). P-labeled 19-, 20-, and 31-nucleotide oligomers 
served as size markers. Amounts of precipitated proteins were determined by immunoblotting 
(bottom). 
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indicating that the Potl complex can be re- 
cited by ds telomeric DNA in the absence of 
ss telomeric DNA or physical DNA ends. These 
results also suggest that Taz1-Rap! is responsible 
for bridging ds telomeric DNA and the Potl 
complex. Conversely, we observed that Pozl 
and Potl are bound to native telomeric ends in 
taz1A ot rapiA cells (fig. $9), indicating that 
the Potl complex is recruited to telomeres in a 
Tazi-Rapl-independent manner, We did not 
observe complete loss of telomeric DNA in 
cegIMazIA or ecqlArapIA cells, in contrast to 
ceglApociA cells (fig. S10), suggesting that 
Pozl is recnuited to and protects telomeres 
independently of Tazl or Rapl. Taken together, 
‘we suggest that Potl is recruited to telomeres by 
two distinct modes: in ds telomeric DNA~ 
dependent and G-tail~dependent manners 

We found that ceg/ApaciA cells lost telo- 
‘meres much more rapidly than trt! Apac1A cells 
did (Figs. 2A and 3A), ising the possibility 
that Coql maintains telomeres in a telomerase- 
independent manner in addition to its role in reg- 
ulating elongation by telomerase. Telomeres 
are recognized as double-strand breaks in ccgJA 
cells to activate the DNA. damage checkpoint 
(Bg. SII), 114 cells cultured in liquid medium 
showed progressive telomere shortening and 
poor growth. Then, the cells resumed growth by 
amplifying temninal DNAS containing telomeric 
repeats and subtelomeric sequences [telomere- 
associated sequence (TAS)] via homologous 
recombination (HR) (J4). ceq/AtrtIA cells 
started to show amplified telomere+TAS signals 
carlier than 1A cells, suggesting that ceg/A ac- 
celerates HR-mediated telomere lengthening in 
the frtA background (fig. S11). Although telo- 
‘mere signals persisted in rhp3SA, ripS/A, and 
coq single mutants, the concomitant deletion 
of cog” and rhp5S* or rhpST” led to the com 


Fig. 3. Poz1 negatively controls telomere lenath through association with 
‘Tazi-Rap1. (A) poz1” deletion leads to telomerase-dependent telomere elon- 
gation. Genomic DNAS were prepared from indicated haploid cells derived 
from heterozygous poziApozi™ trt1trtI™ diploid cells (results from two 
independent tetrads a and b are shown) and subjected to Southern hybrid 
{zation. (B) taziA of raptA is epistatic to pozZA in telomere-tenath control. 
(©) Pozi and Rap! protein interaction was detected by the yeast two-hybrid 


assay. (D) Poet interacts with Rap in a Tazi-independent manner in vivo. 
Immunoprecipitates were obtained from WCEs using antibodies to Flag and 
analyzed by immunoblotting. (E) Pozi and Pot1 are localized at internal ds 
telomeric repeats in a Taz1- or Rap1-dependent manner. A cassette containing 
TAS-urod*-telomeric repeats was inserted into the ade6 locus of drcular 
chromosome Il. Fold enrichments of ura” and iys1” in indicated immuno- 
precipitates in 2 ChiP assay are shown. 
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Fig. 4. Coql inhibits HR at telomeres. (A) Telomeres are lost in ccqLivtpS1A and ccglivipSSA. (B) HR 
prevents chromosome circularzation in cq. Not F-digested chromosomal DNAS were fractionated by PFGE, 
stained with ethidium bromide (lef, and subjected to Southem hybridization (right). (Q) Model of Poti 
complex-mediated switching between closed and semi-open telomere configurations. The Potl complex exists 
at telomeres in two distinguishable modes (closed and semi-open configurations) that regulate telomerase in 
‘opposite manners. In both cases, Ceql and Poz1 protect telomeres from degradation, HR, and fusion. 
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plete loss of telomeric DNA and chromosome 
circularization (Fig. 4, A and B), indicating that 
terminal DNAs in cog/A cells are maintained 
via HR. Thus, Ceql protects telomeres from 
HR. Inceq/A cells, the deregulated HR activity 
at telomeres contributes to the survival of cells 
without circular chromosome formation. 

‘We propose that the Potl complex exists at 
telomeres in two distinguishable modes. When 
telomeres are relatively long, the Potl complex 
associates with ds telomeric DNA-Taz1-Rapl 
via Pozl because of a high concentration of 
loca! Taz!-Rap! proteins, leading to inhibition 
of telomerase action (a closed configuration), 
‘When telomeres shorten, the Potl complex is 
dissociated from Taz1-Rapl, facilitating telo- 
merase action aided by Ceql (a semi-open 
configuration). The structure and function of 
fission yeast telomeres revealed in this study 
highlight the conservation of major features of 
the shelterin complex across a wide evolution- 
ary distance (fig. $12). We also predict that 
shelterin functions by recruiting unidentified 
effector molecules in higher eukaryotes, sim- 
ilar to the recruitment of Coq) in fission yeast. 
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The Transcriptional Landscape 
of the Yeast Genome Defined 
by RNA Sequencing 


Ugrappa Nagalakshmi,?* Zhong Wang," Karl Waern,? Chong Shou? Debasish Raha,* 
Mark Gerstein,” Michael Snyder*?>+ 


‘The identification of untranslated regions, introns, and coding regions within an organism remains 
challenging. We developed a quantitative sequencing-based method called RNA-Seq for mapping 
transcribed regions, in which complementary DNA fragments are subjected to high-throughput sequencing 
‘and mapped to the genome. We applied RNA-Seq to generate a high-resolution transcriptome map of 
the yeast genome and demonstrated that most (74.5%) of the nonrepetitive sequence of the yeast genome 
is transcribed. We confirmed many known and predicted introns and demonstrated that others are not 
actively used. Alternative initiation codons and upstream open reading frames also were identified for 
‘many yeast genes. We also found unexpected 3'-end heterogeneity and the presence of many overlapping 
‘genes These results indicate that the yeast transcriptome is more complex than previously appredated. 


‘challenge in genomics isto identify derstand the functional elements of the genome 
all genes and exons and their boundaries, and determine when they are expressed and how 
“This information is crucial in onder to un- they are regulated. Often, genes are identified 
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through the presence of large open reading frames 
(ORFS), sequence conservation, or cDNA probing 
of DNA tiling microarrays (-5). These methods 
often fail to identify short exons, do not precisely 
reveal the boundaries of untranslated regions 
(UTRS), and/or have high false-positive rates. 

{In onder to better map the transcribed regions 
of the yeast genome, we developed the RNA-Seq 
approach presented in Fig. 1. Briefly, polyade- 
nylate [poly(A)] RNA was isolated from yeast 
cells grown in rich media (6) and used to generate 
double-stranded cDNA by reverse transcription 
with either random hexamers or oligo(4T) primers. 
‘The double-stranded cDNA was fragmented and 
subjected to high-throughput Diumina sequencing 
{in which 35 base pairs (bp) of sequence were deter- 
‘mined from one end of each fragment. Two tech- 
nical and two biological replicates were performed 
for cach hexamer and oligo(dT)-primed cDNA 
sample for a total of 15,787,335 and 14,125,182 
reads, respectively. These sequence reads were ana- 
lyzed with an algorithm that maps unique (hat is, 
single-copy) sequences to the genome and allows 
for up to two mismatches (6). Of 29,912,517 total 
reads, 15,870,540 (56°6) were mapped to unique 
genomic regions (ig. SIA and table SI). 

We assessed our results by several criteria. 
First, none of the 29,912,517 sequence reads 
matched the deleted 3.5-kb regions of the ge- 
nome (Fig. 1C), and very few, ifany, matched the 
nontranscribed centromeres (fig SIB) (6); thus, 
‘ur method i specific. Second, our replicates were 
{n lose agreement with one another, having a 0.99 
Pearson correlation coefficient for technical rep- 
licates and a 0.93 to 0.95 coefficient for bio- 
logical replicates (fig. $2). The data generated 
from hexamers and oligo(dT) primers also were 
closely comrelated (0.97) and showed similar pat- 
tems of expression (fig. S2). Therefore, we merged 
all ofthese datasets, and the subsequent analyses 
‘were performed using the merged data. 

RNA-Seq analyses revealed extensive expres- 
sion ofthe whole yeast genome (Fig. 2); 74 5% of 
the genome was expressed as RNA-Seq tags Fig 
2B), We detected more reads from the 3’ ends than 
from the 5’ ends of annotated genes (Bg. $3), pre 
sumably due to the enrichment of 3° sequences 
during poly(A) purification as well as enhanced 
priming at the 3° ends. Despite this bias, the deep 
sequencing allowed the detection of signals across 
the entire gene. Overall, 85% of the bases detected 
as expressed by RNA-Seq overtapped with those 
found with DNA tiling microarrays (7) 

We investigated the overall transcriptional ac- 
tivity and found that 4666 of the $099 annotated 
ORFs (91.5%) in the Saccharomyces Genome 
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Database (SGD) were expressed as tags above 
background (6). For this analysis, we removed 
1178 ORFs whose 3° ends lie within 100 bp of, 
‘one another and whose transcripts might overlap. 
In addition, 327 ORFs that were not unique in 
their 3° ends were not analyzed. We observed. 
hhigh expression for 20% of the genes; Gene 
Ontology (GO) analysis revealed that genes in- 
volved in biosynthetic pathways and ion trans- 
port were specifically enriched in the highly 
‘expressed category (P<2.3 x 10; see table S2 
for a complete list). Medium and low expression 
levels were observed for 39 and 33% of the 
genes, respectively. As expected, we did not de- 
tect the expression of genes involved in meiosis, 
‘mating, cell differentiation, sugar transport, ot 
‘vitamin metabolism, the functions of which are 
not required during vegetative growth (8). 

The majority of yeast genes have been an- 
notated primarily with ORFs and, toa lesser exten, 
with cDNA sequencing (9); thus, the 5’ and 3° 
boundaries and UTRs of most yeast genes have not 
been precisely defined. To map the Sends of genes 
‘with RNA-Seq, the 5’ ends of 1331 genes were 
first determined by generating and sequencing rapid 
“amplification of CDNA ends (RACE) polymerase 
chain reaction (PCR) products (table $3). We then 
used 125 RACE ends to optimize parameters for 
determining 5’ends by searching RNA-Seq data for 
a shap signal reduction in the transcribed region; 
applying these parameters revealed the 5” boundary 
regions for 4665 transcribed genes. Genes with 
vary low levels of expression were exciuded from 
the analysis. Comparison of these results with 1025 
boundaries mapped with S’ RACE showed that 
‘both methods identified $" boundaries within 50 bp 
of one another for 786 genes (77.9%) (Fig. 3A). 
‘Combining the 5’ RACE results with the RNA-Seq 
results defined the 5’ boundaries of 4835 yeas. 
‘genes (Fig. 3B). The median length of S'UTRS was 
50 bp with a range of 0 to 990 bp (Fig. 34, top 
right). Two hundred forty-one genes contained 
1 start codon (ATG) less than 10 bp from the 
5* end; we do not know if these ATGs represent 
‘ue initiation codons. 

‘Wealso globally mapped the 3’ boundaries of 
yeast genes by searching for a rpid transition in 
‘the RNA -Seq signal as well a by identifying end 
tags with poly(A) sequences containing a novel 
stretch of three or more consecutive As lying next 
to a genomic yeast sequence (6). Using these 
‘methods, we mapped the 3' boundaries of $212 
transcribed genes and deduced the transcribed 
strand (Fig. 3, C and D, and table $4), The end 
tags allowed the precise assignment of 3' bound- 
aries even when transcripts were overlapping at 
their3’ ends (Fig. 4). We found evidence thatthe 
transcription of a large number of yeast genes 
‘overlaps with transcription from the other strand. 
(0F.4646 verified expressed ORFs, 275 transcribed 
pairs (11.8% of expressed genes) contained aver- 
lapping 3’ ends. Pervasive overlapping transcripts 
may be unique to Saccharomyces cerevisiae and 
‘other organisms lacking microRNA/Small inter- 
fering RNA-processing components that might 
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otherwise degrade double-stranded RNAs. More- 
over, overlapping transcription at 3° ends could 
bea form of gene regulation by which neighbor- 
{ng genes can potentially influence (positively or 
negatively) the expression of one another. 

‘Themedian length of yeast 3’ UTRs is 104 bp, 
with a range of 0 to 1461 bp (Fig. 3A). Although 
‘most yeast genes have a single precise 3’ end 
(within 1 t0 2 bp), many genes had heteroge- 
neous 3"-end sequences. These occurred either in 
localized regions (usually 2 to 10 bp), suggesting 
some variability in 3“end processing a the poly(A) 
‘Signal, or, in $40 genes, in multiple peaks greater 
than 10 bp apart, suggesting that more than one 
poly(A) site is used (fig. $4). 

In yeast, the first ATG at the 5’ end of an ORF 
is usually annotated as the start codon. However, 
{in some databases the second ATG is annotated 
‘when the predicted amino-terminal protein-coding 
sequence is not conserved (10, 11). RNA-Seq 
analysis revealed 35 genes with 5’ ends upstream 
of an ATG that is 5’ and in-frame to the annotated 
ATG initiation codon, suggesting that these pro- 
teins are potentially longer than predicted. We also 
found 29 genes whose 5’ end is located down- 
stream of the annotated ATG, suggesting, that 
these proteins are shorter than previously pre- 
dicted; the 5’ ends of four of the latter genes were 
confined by RACE sequencing. 

‘We also examined our data forthe presence of 
{ntrons, in yeast, introns are typically identified on 
the basis of sequence conservation, microarray 
analyses, or other studies. We detected 240 of 306 
mown introns with an algorithm that detects 
{introns through the presence of discontinuous 
sequences whose boundaries contain GT and 
AG/AC and also detects sequence tags that span the 
{intron boundary, which indicates that transcripts 
from these genes are spliced. For the 66 introns not 
validated with the algorithm, we examined 30 
whose genes were expressed. In four cases, the 
{intron sequences were clearly expressed at levels 
Similar to those of the adjacent exons (Fig. 3E 
and fig. 5), and unspliced products, but not splice 
junction tags, were identified. Thus, transcripts 
‘from these genes are probably not spliced at ap- 
preciable levels in vegetative cells [see also (12)] 
Intwo of these cases, the presence or lack of an 
intron affected the predicted protein sequence. 

Recent analysis predicts that many eukaryotic 
! UTRs may contain upstream ORFs (uORFs) 
(23). wORFs have been shown to regulate protein 
expression (/4) and mRNA degradation (25) and 
have been annotated for 17 yeast genes. Our data 
predict wORFs upstream of the start codon for 
321 (6%) of the yeast gene transcripts (Fig. S and 
table $6). GO analysis of these genes revealed 
that genes encoding DNA-binding proteins [P < 
0.0027, false discovery rate (FDR)-adjusted] and 
anatomical structure and development (for ex- 
ample, sporulation; P< 0.0045, FDR-adjusted) 
‘were significantly enriched in uORFs (Fig. SB). 
‘The presence of wORFs in DNA binding proteins 
suggests that these important genes are likely to 
be highly regulated. 
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Fig. 1. (A and B) Flowcharts of the RNA-Seq method. (C) RNA-Seq signals are not evident at a deleted gene (L£U/2) but are abundant at an expressed 
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Fig. 2. (A) The genome distribution of transcribed regions in yeast. Colors represent different transcription levels for each base (log2 tag count), Numbers of 
chromosome regions are shown on the left Mito, mitochondria. (B) A summary ofthe transcription level ofthe transcriptome. 
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Fig. 3. (A) Sie differences between mapped 5-UTR data with RNA.Seq and RACE (top) 
and 3°4R data with RNA‘Seq and CDNA sequencing (9) (sxcond from top) next to the 
sie dsvbutions ofthe 5' UTR Gecond from bottom) and 3° UTR (bcttor.(B) The 5’ UTR 
23s determined by RNA Seq and by 5’ RACE for gene YRZODAW. In all gues, a colored 
box represents an ORF and an arow indicts the tanscigton diedion. ch, 
comosone X. (C) 3’ UTR determined by RNA-Seq on the bask of end tags for genes 


YDR46QW, YDRE6IWY, and YORISICA, or for YORHGIW by cDNA sequencing O). 
Endtag_W (blue) and Endtag_C (red) represent RNVA-Seq reads containing poly(A) tas on 
ether Watson of Crick rans respectively, andthe bars represent confidence scores of 
e2ch3'end (9). (D) 3" UTR determined by RNA Seq based ona sharp expression decease 
as compared with CDNA data 9). MASK repeated mask sequence (©) An SGD-annotated 
into (bax in brown colo) in GORE not supported by RNASeq, CDS, coding sequence. 


We also searched for transcription in inter- 
genic regions (Fig. SD) by identifying stretches 
of 150 bp or greater with significant expression 
above that of surrounding regions (Fig. SF) (6) 
(Of487 expressed regions identified, 204 had not 
been observed by microarray analyses or CDNA 


studies (7, 9). For 18 regions found by RNA-Seq 
but not other methods, we tested expression with 


real-time quantitative PCR (QPCR) and con- 


firmed transcription in 16 cases (table SS), 
Because RNA Seq is a quantitative method, it 
can potentially be used to quantify RNA levels, 
We detenmined the median signal in a 30-bp 
‘window located immediately upstream of the 3° 


ends of the annotated stop codon (table S4) after 
removing genes with overlapping 3" ends in this 
region. The expression levels of 34 genes pre 
dicted to be expressed at a range of high, medi- 
um, and low levels were measured with QPCR 
“We found a strong correlation (R= 0.98) between 
the QPCR and RNA-Seq data (fig. S6A). As ex 
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Fig. 4. New annotations of UTRS ina relatively potty annotated chil region. ORFs identified by tis 
study are denoted by dotted lines, and arrows denote the transcription direction. Green-shaded boxes are 
UTRs. cDNA transcripts in red are of high confidence and those in blue are of low confidence [defined in (9). 


pected, discrepancies were the largest among the (R~0,72)(fig. S6C)(16) or ting DNA microarray 
‘genes expressed at a low level and were better analysis (R= 0.48) (fig. S6B) (7). Moreover, the 
than those obtained with standard microarrays dynamic range of RNA-Seq is atleast 8000-fold, 
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compared with ~60-fold for DNA microarrays 
Gee the scale of fg. $6, B and C), 

RNA-Seq offers several advantages as com- 
pared with other technologies. First, it allows 
interrogation of all unique sequences of the ge- 
nome, including those that are closely related, as 


Jong as unique bases exist that can be monitored. 
Second, because a large mumber of reads can 
readily be obtained, the method is very sensitive 
and offérs a large dynamic range. Thus, RNA-Seq 
‘can detect and quantify levels of RNAs expressed 
at very low levels as compared with DNA micro- 


mays; the sensitivity of the later is probably 
reduced because of cross-hybridization effects 
Thind, RNA -Seq allows accurate determination of 
exon boundaries. Although we precisely mapped 
3 ends of many yeast genes using RNA-Seq, we 
did not attempt to determine the nucleotide reso- 
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Fig. 5. (A) RNA-Seq reveals putative upstream start codons (uATG, in red) 
relative to existing annotations (blue ATG). (B) Significantly more upstream 
LUORFs were found relative to annotated ORFs for certain biological functions. 
values are FDR-adiusted. (C) An example of an uORF (boxed and in red). (D) 
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Size distribution of previously undescribed transcribed regions. (E) Transcribed 
regions previously covered by cDNA sequencing (9) in percentages. (F) An 
example of a previously undescribed transcribed region containing a poly(A) 
signal (shaded in red). 
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lution of $7 boundaries because yeast S' ends are 
often heterogeneous (9, 17) and we performed an 
amplification step. Instead, an approximate loca- 
tion was deduced by a sharp transition in signal 
over a small interval. Nonetheless, overall, RNA- 
‘Seq provides a useful map of exon boundaries. 
Our RNA-Seq method allowed us to map the 
transcriptional landscape of the yeast genome 
and define UTRs and previously unknown 
transcribed regions. In the future, application of 
this method should help to precisely determine 
the transcriptional landscape of other genomes. 
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The Transcription/Migration 
Interface in Heart Precursors of 


Ciona intestinalis 


Lionel Christiaen,** Brad Davidson,*t Takeshi Kawashima, Weston Powell,? Hector Nolla,” 


Karen Vranizan,* Michael Levine** 


Gene regulatory networks direct the progressive determination of cell fate during embryogenesis, but 
how they control cell behavior during morphogenesis remains largely elusive. Cell sorting, microarrays, 
and targeted molecular manipulations were used to analyze cardiac cell migration in the ascidian Gong 
intestinalis. The heart network regulates genes involved in most cellular a required for 
‘migration, including adhesion, cell polarity, and membrane protrusions. We demonstrated that 
fibroblast growth factor signaling and the forkhead transcription factor FoxF directly upregulate the 
small guanosine triphosphatase RhoDF, which synergizes with Cdc42 to contribute to the protrusive 
activity of migrating cells. Moreover, RhoDF induces membrane protrusions independently of other 
cellular activities required for migration. We propose that transcription regulation of specific effector 
genes determines the coordinated deployment of discrete cellular modules underlying migration. 


there has been considerable progress in 

elucidating the gene regulatory networks 

controlling cell fite specification during 
animal development (13). In paralle, traditional 
in vito assays coupled with more recent proteome 
analyses have characterized the protein interaction 
networks controlling dynamic cellular processes, 
such as actin-based membrane protrusions (4) and 
adhesion (5). Comparatively lite is known about 
how transient regulatory states interface with the 
dynamic cellular processes underiying. mompho- 
genesis. We investigated this problem using the 
migrating heart precursors of the ascidian Ciona 
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intestinalis as a reative'y simple model. The as- 
dian heart develops from the B75 pair of 
blastomeres. that specifically express the basic 
helix-loop-helix transcription factor Mesp in 
response to the Tbox factor Tox6 (6, 7). Sub- 
sequently, a fibroblast growth factor (FGF) signal 
activates the Ets1/2 transcription factor, a presumed 
“Mesp target, and induces heart specification and 
cell migration of the anteriomost B75. grand- 
daughter cells Fig. 14) (8). As.a consequence, the 
heart precursor, called trunk ventral cells (TVCs), 
riigrate into the trunk, whereas their sling oclls 
form anterior tail muscles (ATMs) (Fig. 1B). FGF 
‘Signaling upregulates the forkhead box transcrip- 
tion factor FoxF in the TVCs. Interfering with 
Fox? fiction inhibits cel! migration, but not heart 
msc differentiation, showing that TVC migra- 
‘ion is predominantly controlled by FGF signaling 
and the FoxF transcription factor (9). 

‘To detemnine how FGF and FoxF control TVC 
migration, we developed a method for lineage- 
specific trasciption profiling using fuorescence- 
activated cell sorting (FACS) and microaray 
analysis. The cis regulatory DNAS ffom Mesp and 
the myogenic differentation MyaD were used to 
‘express green and yellow fluorescent proteins in the 


B7Slineage and surounding mesodermal cells, 
respectively [Fig. IB; Mesp, green fluorescent pro- 
tein (GFP) transgenes; MyoD, yellow fuorescent 
protein (YFP) transgenes}. B7.Slincage cells were 
sorted based on their GFP fluorescence, afer tar- 
sgeted manipulations of Mesp, FoxP, and FGF sig- 
naling using the Mesp cis regulatory DNA (Fig. 1, 
Ato ©) (7-9), Targeted expression of a dominant- 
negative FGF receptor (daFGFR) converts the 
entire B7.S lineage into ATMs (8) and is therefore 
expected to inhibit the expression of TVC specific 
genes (Fig. 1A and fig. $3). In addition, mod- 
iffed versions of Mesp and FoxF (Mesp:VP16 
and FoxF:WRPW, respectively; both are fusion 
proteins) block TVC migration but not cartio- 
‘myocyte differentiation (7, 9), thereby providing 
‘an opportunity to identify migration specific genes 
Gig. 1, A and. 

Microamay assays captured differential expres- 
‘Son of known TVC- and tail muscle-specific matker 
genes (Fig. 1D and table $1), Moreover, at east 130 
genes were found to be downregulated in all three 
conditions that inhibit TVC migration as compared 
with wild-type samples (Fig. IE, fig. $4, and table 
‘S2), Transcriptional profiling of late gastula stage 
B75 cells (LG sample) and whole talbud embryos 
(whole sample) indicated that these 130 genes are 
upregulated in wild-type TVCs atthe onset of mi- 
sgzation (fig. S4). In sina hybridization assays val- 
‘dated the experimental design: $1 of $6 randomly 
selected candidate genes were expressed in migrat- 
ing TVCs (Fig. 1, F and G, and fig. $3). Candidate 
‘migration genes include a broad spectrum of fane- 
‘onal clases [for example, the RhoDF small Ras- 
homolog guanosine triphosphatase (Rho GTPase) 
and wunen-like phospholipid phosphohydrolase] 
(Fig. 1, F and G, and table $2). This diversity sup- 
ports the view that many facets of cell migration are 
controlled transeriptionally (10, 11) 

‘Specific gene families and biological processes 
have been implicated in directed cell migration, 
such as polarity, cell-matrix adhesion, and actin 
dynamics regulators (Ges. S7 to $9). We com- 
pared the expression levels of individual genes in 
wild-type and dnFGFR samples, which pemnited 
the identification of genes specifically upregulated 
{neither TVCs or ATMs (Fig. 1A and figs. $5 and 
'S9). Cell type-specific genes were found to fimne- 
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Fig. 1. Transciption 
profiting of heart pre- 
cursors. (A) Regulatory 
network controlling de- 
velopmental. processes 
in the B7.5 lineage. 
Expression of dnFGFR, 
‘MespV, or Fox inhib 
its cell migration. (B) 
Embryo expressing Mesp- 
GP and NyoD-YFP tans 
genes. (C) FACS plot. 
Mesp-GFP and MyoD- 
YFP-expresing cells are 
distinguished by their 
green or yellow fluores 
cence, respectively. The 
P-only quackant (green 
bow) was used tD select 
B7.Stineage cells. AU, 
artitrary units, (D) Exper 
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‘mental design and profiting of TVC marker genes. Effects on heart diferentiation 
and cell migration are shown [for example, in column six Fox inhibits migration 
(A, but not heart differentiation (0). ESU2:VPI6, ESV, and FoxF-VPI6, Fox 
have opposite effects from those of dnFGFR and Fox, respectively, both enhance 
migration (++. wt, wild type. (E) Identification of 130 candidate migration 


‘genes dovmregulated in conditions inhibiting cell migration as compared with 
wild-type samples (for example, dnFGFRcwt indicates genes showing reduced 
‘expression in dhFGFR as compared with wt samples). (F and G) In-situ 
hybridization of selected candidate migration genes (RhoDF and wunen-it). 
‘Arrowheads indicate TVCs, arrow indicates RhoDF expression in the notochord. 


tion in each of the aforementioned cellular pro 
cesses (figs. $7 to $9). For example, intepsin-B3 
and tain are upregulated in TVCs, possibly con- 
teibuting to the changes in cell adhesion required 
for their migration. Conversely, ATM-specific up- 
regulation of myosin light-chain kinase (MLCK) 
and myosin regulatory light chain (MRILC) may 
enhance actomyosin contraction in tail muscles 
(Bg. $9), Thus, the identified network may contro! 
‘most of the cellular processes underlying TVC 
and ATM morphogenesis. 

“Many components in the above pathways do not 
exhibit differentia! regulation in TVCs and ATMs, 
suggesting constitutive expression in the B7S 
lineage (Fig. 2A and figs. S6 to $9}. For exampie, 
about two-thirds ofthe actin dynamics regulators are 
cconstinutively expressed in bath cell types (fig. S8) 
RhoDF is the only Rho GTPase that is sp 
cally upregulated in the TVCs (Fig. 2A and fig. 
88). Taken together, these observations suggest 
that the heart network controls individual cellular 
processes by regulating subsets of effector genes. 

Cell culture experiments demonstrated that the 
formation of membrane protrusions atthe leading 
edge of migrating cells is powered by polarized 
actin polymerization (/2, 13). In mammalian cells, 
both RhoD and RhoF Rif were shown to directly 
activate the Diaphanous-related formin mDia2, 
which promotes the directed growth of actin 
Slaments (/4, 15), Our observations suggest that 
Msp, FGF, and FoxF might contro! this process 
primary through the transcriptional activation of 
‘RhoDF (Fig. 2A and fig. $9), 

As a first step toward testing this model, we 
characterized RiaDF cis-regulatory sequences. 
A RhoDF lacZ ftsion gene recapitulated endog- 
enous RhoDF expression, including expression 
in TVCs and notochord cells, as well as inhibi 
tion by FoxF:WRPW (FoxW) (Fig. 2B and figs. 


A 


ee orwrew 


E 
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Fig. 2. The heart network regulates subsets of migration effectors. (A) Selected protein interactions 
promoting actin polymerization (extracted from fig. $9). Microarray analysis indicates that the Rho 
GtPase RhoDF is upregulated in the TVCs downstream of FGF and FoxF (green box and label). 
Diaphanous and Diaphanous-related formin (Dia/DRF); members of the Arp2/3 complex; and the 
Rho GTPases Racl, Rac2, and CdcA2, are not differentially expressed between TVCs and ATMs (blue 
labels). Cdc42, Racl, and Rac2 activate the Arp2/3 complex indirectly (successive arrows) (SOM 
text, section 6.4, and fig. 59). (B) RhoDF-lacZ (gray) expression in B7.S-lineage cells (marked by 


‘Mesp-GFP) is lost upon FoxF-WRPW coexpression. 


‘S10 and S11). Separate cis regulatory modules 
contro! RkoDF expression in the notochord and 
‘TVCs (fig. S11). The minimal 425-base pair TVC 
enhancer contains putative Ets1/2- and FoxF- 
binding sites (fig. S11), Mutational analysis and 
israns complementation assays demonstrated 
that both Ets1/2 and FoxF provide direct regu- 
latory inputs for RkoDF upregulation in the TVCs 
(Gg. $12). Therefore, PGF, Fox, and RhoDF con- 
stitute a feed-forward circuit within the heart gene 
regulatory network. 

‘The fimnction of RhoDF in TVC migration was 
examinad by injection of antisense morpholino 


Blue indicates Alexa-phalloidin staining. 


oligonucleotides (MOs) and targeted expression of 
<ominant-negative (dn) and constiutively active 
(ca) nmitants. MOs were coinjected with brachyury- 
GEP (16) and Mesp-GFP-moesin transgenes 
to visualize notochord celis and TVCs, respective- 
(Fig. 34), Injection of a translation-blocking 
MO (ATG-MO) led to the formation of multi 

cellular spheres (Fig. 3C), This severe phenotype 
presumably results fom the inhibition of matemal 
‘mRNAs and suggests that RhoDF is essential for 
cell movements during early embryogenesis [sup- 
porting online material (SOM) text, section 82], A 
splicing inhibitor MO (E212) was used to inves 
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Fig. 3. RhoDF and Cdlc42 synergy in TVC migration and protrusive activity. (A to ©) Embryos injected 


with brachyury-GFP, Mesp~GFP-moesin, an 


cated MOs. Scale bars, 20 um. (D and E) Magnified 


apical views of TVCs from (A) and (B). The arrows in (A) and (0) indicate the direction of migration. (F to D 
TGs expressing the indicated Rho GTPase mutants. Shown are apical views from three-dimensional 
projections (arrows, filopodia; solid arrowhead, lateral protrusion; open arrowheads, disrupted protrusion; 
L, leader; T, trailer; M, muscle cells; n > 10 embryos for each condition. Scale bars, 5 um). (J and K) 
Migration phenotypes. Histograms are from different pools of experiments (n & the number of B7.5 


clusters scored. In 7° tests, for “= 


tigate the specific fimetion of zypotic RhoDF tran- 
scripts (fig. S14). The E212 MO perturbed both 
TVC migration and notochord intercalation (Fig. 3B 
and fig. $14). Targeted expression of da-RhoDF 
ceaused mild but statistically significant TVC mi 
aration defects, whereas ca-RhoDF appeared to en 
hance migration (Fig. 33) 

Detailed observations of the TVCs using an 
actin-binding GFP-moesin reporter (17) revealed 
that the leading cell (L) exhibits lateral protru- 
sions enlarging its leading edge, whereas the tral 
{ng cell (I) is constricted atthe tiling edge (Fig 


P > 0.05 and for “***" P < 0.001. n >3 replicate experiments). 


3D and fig. S13). Upon MO injection or dn- 
RhoDF expresion, the cell contour was imegular 
and lateral protrusions appeared disrupted 
Eand F). In contrast, ca-RhoDF induced a dramatic 
enlargement of lateral protusions (Fig. 3G). Taken 
together, these observations suggest that RhoDF 
contributes to optimal TVC migration, possbiy 
‘through the regulation of actin-based protusions. 
The ubiquitous Rho GTPase Cdo42, which 
also regulates actin-based protrusions, may func- 
tion redundantly and/or in concert with RhoDF 
(08, 19). We investigated these possibilities by 


REPOR 


coexpressing di and ca forms of RhoDF and 
Cdot2 Fig 3, F to I and K, and fig. S15), dn- 
(Cdo42 and dn-RhoDF produced similar migration 
and protrusion phenotypes, whether expressed 
separately or together, suggesting that they func 
tion synergistically in TVCs (Fig. 3, F and K, and 
fig. S15). ca-Cdc42 induced actn-rich protrusions 
that failed to extend upon coexpression of dn- 
RhoDF (fg. S15). More strikingly, dn-Cdlos2 
reduced the width of the ca-RhoDF-induced pro- 
‘musions, often causing the formation of multiple 
filopodia (Fig. 3H). Finally, ca-RhoDF and ca 
(Calo42 coexpression dismupted the TVCs* polarity 
and produced protrusions that often covered the 
entire leading edge (Fig. 31 and fig. S15) 

The simplest interpretation is that Cdo42 
promotes actin-flament branching through in- 
direct activation of the actin-related protein 2/3 
(Asp2/3) complex (20, 2/), whereas RhoDF in 
dduces actin filament elongation through the act 
vation of Diaphanous related formins (Fig. 2A) 
‘The precise balance of microfilament branching 
and elongation would then pattem the actin 
meshwork underlying membrane protrusion 
Fig. 4B, fig. SISF, and (13) 

‘The preceding results suggest that upregulation 
of RhoDF by FGF and FoxF is sufficient to pro 
‘mote actin-hased protrusions in TVCs because 
RhoDF works in concert with Cdot2 and other 
constitutive activators of actin polymerization (Fig, 
2A), Additional epistass assays were performed to 
<etermine whether RhoDP is indeed the onty miss 
{ng factor. Targeted expression of FoxF:WRPW, 
daFGFR, or Ets: WRPW [a constitutive repressor 
form of E1s1/2 (8)] consistently blocked migra- 
tion and the formation of lateral protrusions (Fig. 
4A and fig. S16). Both wild-type and activated 
forms of RhoDF were sufficient to induce lateral 
protrusions in nonmigrating B75 cells expressing 
FoxF:WRPW (Fig. 4A and fig. S16). Cells coex 
pressing Ets: WRPW and ca-RhoDF formed smaller 
protrusions and filopodia, whereas daFGFR elim- 
inated the ability of ca-RhoDF to induce protru 
sions (Bg. S16). These observations indicate that 
FGF signaling provides as-yet-midentfied inputs 
required for RhoDF/Cdo42-induced.protusive 
4B and fig. S16). The formation of 
RhoDF induced protrusions in the FoxF:WRPW 
‘background indicates that FoxF controls membrane 
protrusion essentially through RiaDF upregulation 
and shows that protusive activity s separable from 
‘other processes required for migration, 

Our results iuminate previously unrecognized 
characteristics of the trinseiption/cell behavior 
interface. The heart gene network impinges on 
‘most of the individual cellular processes required 
for migration by regulating subsets of effector 
genes that fimction together with constitutively 
expressed proteins. These shared regulatory inputs 
probably contribute to the coordination of different 
cellular processes, which could nevertheless be 
‘uncoupled from one another, this highlighting the 
{intrinsically modular nature of cel! behavior. 

TVC-specific expression of RhoDF depends 
on FGF, Fis1/2, FoxF, and as-yetuidentifed 


wenesciencemag.org SCIENCE VOL320 6 JUNE 2008 


1351 


| REPORTS 


A MesplacZ Mesp>ca-RhoDF Mesp>RhoDE 


1352 


Fox: WRPW 


@ Extrinsic signals 


RhoDE “> FoxF GRN 


st 


a 
ly 


Gy actin meshwork 
> protein reguiation 


Regulated GenesProteins 
Constitutive proteins 


Fig. 4. RhoDF induces membrane protrusion in nonmigrating cells. (A) B7.S-lineage cells coexpressing 
FoxF:WRPW and lacZ, ca-RhoDF, or RhoDF. [Whole embryos and close-up views (boxes) are shown. Red 
indicates Alexa-phalloidin counterstaining.| Arroxtheads indicate protrusions. (B) Summary model. The 
gene regulatory network (GRN) influences polarity, adhesion, tal retraction, and membrane protrusion. 
‘Membrane protrusion is controlled in part by FoxF- and Ets1/2-mediated upregulation of RhoDF, which 
functions together with constitutively expressed Cdc42, Dia/DRF (blue circles), and Arp2/3 (blue squares). 


inputs, sessing the fit that RhoDF induced pro- 
‘rusive activity is regulated by multple inputs from 
the heart specification network (Fig 4B and figs 
$100 $12). A separate enhancer contro's RhoDF 
expression in the notochord (fig. S11). In principle, 
this modular organization of the RhoDF cis. 
regulatory elements permits activation by distinct 
gene regulatory networks in the notochord and 
TVCs. RhoDF contributes to the formation of 
protrusions in migrating TVCs and probably also in 
intercalating notochord ceils (Fig. 3B and fig. S14), 
Unlike TVCs, notochord cells maintain adhesive 
contacts with their neighbors. In aoninin-a3/4/S 
‘mutants, these adhesive contacts are disrupted and 
notochord cells migrate away from their normal 
Jocation, displaying dynamic protrusions reminis- 
Sea oh es tare by ca GTN 27) Ghee SIS) 
‘Thus, the notochond and TVCs deploy different 
suites of shared (such as protnisions) and tissue- 
specific (such as adhesive properties) cellular mod- 
ules. We propose that tissue-specific gene networks 
contro! the distinct combinations of celular mod- 
ules underlying the morphogenetic. diversity 
observed during evolution and development. 
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High Impulsivity Predicts the Switch to 
Compulsive Cocaine-Taking 


David Belin,?* Adam C. Mar,? Jeffrey W. Dalley,’ Trevor W. Robbins,* Barry J. Everitt™* 


Both impulsivity and novelty-seeking have been suggested to be behavioral markers of the propensity 
to take addictive drugs. However, their relevance for the vulnerability to compulsively seek and take 
drugs, which is a hallmark feature of addiction, is unknown. We report here that, whereas high 
reactivity to novelty predicts the propensity to initiate cocaine self-administration, high impulsivity 
predicts the development of addiction-like behavior in rats, including persistent or compulsive 
drug-taking in the face of aversive outcomes. This study shows experimental evidence that a shift from 
impulsivity to compulsivity occurs during the development of addictive behavior, which provides 
insights into the genesis and neural mechanisms of drug addiction. 


jompuisive cocaine use has been hypothe 

sized to result from failure in top-down 

‘exceutive contro! over maladaptive habit 
teaming (2, 2). In neural terms, this may reflect 
the diminishing influence of preffontal cortical 
function, as behavioral contro! devolves from 
Ventral to dorsal striatum (2). In behavioral terms, 
‘we predict that the development of addiction re 
flects a shift from impulsivity to compulsvity (3) 


Human studies have implicated individual 
differences in different forms of impulsivity and 
sensation-secking in vulnerability to drug use and 
abuse (4-6). However, whether the enhanced 
‘impulsivity observed in drug addicts (7, 8) predates 
the onset of compulsive drug use or is a conse- 
quence of protracied exposure to drugs has not been 
fully established. In addressing this issue expert 
‘mentally, we operationalized these human traits in 
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experimental animals as an inability to wait be- 
fore performing an appropriate response, one 
phenotype of impulsivity (9) measured as prema- 
‘ure responses in a five-choice serial reaction- 
‘time task (5-CSRTT) of sustained visual atention 
(20), 2s distinct from locomotor reactivity to a novel 
environment, a sensation-seeking phenotype (J). 
‘These animal models support the existence of a 
“yuinemble phenotype” that predisposes to drug 
addiction, Thus, outbred rats exhibiting high levels 
of novelty induced locomotor activity, called high 


responder (HR), show increased sensitivity to the 
reinforcing effects of addictive drugs and self 
administer lower doses of psychostimulants than 
Jow-responder (LR) littermates (1/). impulsivity, 
‘on the other hand, comelates with ethanol intake 
(12) and predicts instead the escalation of cocaine 
seifadminisration (0, 13), which may be more 
indicative of a necessary stage in the transition to 
compulsive drug-secking. Although these studies 
have addressed the initiation of drug-taking. they 
hhave not captured the essential feature of addic- 


tion, namely, the persisience of drug-secking in 


REPORTS t 


contribution of high impulsivity (HI) and high 
reactivity to novelty (HR) to the development of 
compulsive drug-taking. 

In this model, we have operationally defined 
three addiction like criteria in rats that correspond 
to those of the DSM-IV description of substance 
dependence (16) namely increased motivation to 
take the drug, (@) an inability to refrain from drug- 
secking, and (i) maintained drug use despite 
aversive consequences [see (27) for details), Thus, 
rats positive for none of the three criteria (aero- 
tera rats) are resistant to addiction, whereas rats 
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the face of negative consequences, a character- 
{sti incorporated into recent animal models based 
‘on the DSMAIV criteria for substance dependence 
(24, 15). Therefore, we have used a model of ad- 
«ction based on individua differences in compul- 
sive cocaine use (4) to investigate the contrasting 
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‘L. Impulsivity and novelty-induced locomotor activity: two distinct phenotypes. On two baseline days 
(), premature responses in the 5-CSRTT were measured. (A and B) During long intertrial intervals (UTS), 
Hi rats showed more premature responses than LI rats (Group: F; x5= 14.4, P < 0.01; Schedule: Fa.200 = 
130.22, P< 0.01; Schedule x Group: Fre, age = 7.01, P< 0.01) (*™*P < 0.001) (A) and HR (P-<0.01) or LR 
rats (P < 0.05) (B). HR rats did not differ from LR rats or from LI subject (B) (C and D) HR rats were more 
‘eactive to novelty than LR rats forthe first 30 min (left histogram, insed or the total duration ofthe session 
(Fight histogram) (Group: Fs35 = 12.17, P< 0.01 and Fs.35 = 17.63, P< 0.01, respectively; Group x Time: 
Fa70 = 1.26, not significant, and Fyq3s0 < 1, P < 0.001, respectively). (inset) HI and LI subjects differed 
from both HR (P < 0.02) and LR rats (#, P < 0.01) but never from each other. *Comparison with HR:*P < 
0.05, *¥P <0.01, **P-<0.001. (0) Black and gray dotted lines represent the average premature responses 
during the last two long intertrial intervals for HI and LI rats, respectively. 


Time (10 min bins) 
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that have three addiction like criteria (dhee-criteria 
rats) are considered “addicted,” and represent 15 t0 
20% of the population initially exposed to cocaine 
(24), proponton that i similarto that observed in 
>human populations (78). 

To compare the propensity of HI and HR rats 
both to acquire cocaine seif-administration and to 
rake the transition to compulsive cocaine taking, 
‘we first identified HI and LI rats in the S-CSRIT 
(Zo), then HR: and LR rats in a noveity-induced 
ocomotor activity procedure (1/)- Subsequently, 
‘we compared the propensity of these different 
gzoups to acquire cocaine seif-administation and 
to develop the three addiction Like criteria follow- 
ing protracted selfadministration (17), HI and LT 
rats did not differ in their novelty-induced 1oco- 
‘motor activity; conversely, HR and LR rats were 
not impulsive (Fig. 1, A and B). As predicted (11), 
HR rats were more prone to acquire cocaine self 
administration than LR rats, showing an upward 
shift in the cocaine dose response curve (Fig, 2) 
However, HI rats did not differ from LI rats in 
their acquisition of cocaine self-administration, 

Afier 40 days of cocaine sefadministration, 
‘we measured the three addiction like behaviors in 
a cohort of 23 rats (17), so that each rat was 
defined as showing none or one, two, or three of 
these behaviors (table S2), as well as an addiction 
score, calculated as the sum of the standardized 
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Fig. 2. Novelty:induced locomotor activity predicts 
the propensity to acquire cocaine set/-adminstation. 
(A) HR rats showed an upward shift ofthe cocaine 
dose-response curve compared with LR littermates 
(Group: Fi, 1¢= 4.9, P< 0.05; Dose: Fe, 9¢= 11.73, 
P<Q01; and Group x Dose: Fi, 96 = 4.39, P<0.01). 
HR rats infused more cocaine at the lowest three 
doses than vehicle (P < 0,01). (B) HI and LI subjects 
did not differ in their number of self-administered 
cocaine infusions (Group: Fg <1; Dose: Fe, 96 = 
10.79, P< 0.01; Group x Dose: Fe, o¢ <2. 
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Fig. 3. Hi rats closely resemble three-criteria rats. 


After protracted self-administration, rats with 2er0, 
cone, two, or three criteria were identified. (A) 
‘When ranked on a linear addiction scale (R? = 0.99, 
Group: Fy» = 34.43, P < 0.01), three-criteria rats 
had addiction scores (2.8 0.6) above the standard 
deviation (2.1), and higherthan all the other groups 
(versus zero- and one-crteria rats: @, P< 0.01, 
versus 2 citeria rats #, P< 0.05). (B) HI rats dis- 
played higher addiction scores than LI rats (F,3 = 
7.55, *P < 0.05), whereas HR rats did not differ from 
Rats. Only HI rats did not difer from three-criteria 
rats for their addiction score (F530 = 10.13, P < 
0.01) and displayed higher addiction scores than 
zero-crteria (P <0.01) and HR rats (P-<0.05). HR, 
LR, and LI rats did not differ from zero-riteria rats. 


scores of each of the addiction-like criteria (17) 
‘Thus, rats with zero, one, two, oF three criteria 
‘were linearly distributed along an addiction scale, 
corresponding operationally to the Addiction 
‘Severity Index (ASI) in humans (17, 19). On this 
scale, three-crteria rats had scores higher than all 
the other groups (Fig. 3A), especially when 
compared with zero-criteria animals, from which 
they differed for each of the addiction-ike be- 
hhaviors (fig. SI). Only the zero-criteria rats had 
highly negative addiction scores 

Although reactivity to novelty predicts the 
‘vulnerability to acquire cocaine sef-administration, 
it is high impulsivity that predicts the transition 
‘rom controlled to compulsive cocaine taking. HI 
rats displayed higher addiction scores than LI rats 
‘whereas, in marked contrast, HR rats did not differ 
fiom LR rats (Fig. 3B). Ll, HR, and LR rats were 
represented mainly in the zero- and one-ctteria 
‘populations; however, HI rats were largely repre 
sented in the two- and three-criteria populations, 
‘Additionally, only HI rats were more frequently 
represented in the three-critera group than in the 
zero-criteria group (table SI). 

A factor analysis revealed that impulsivity 
and addiction-like behavior are explained by the 


addiction construct (Bg. $2). Thus, HI rats 
not differ from three-criteria rats in any of their 
addiction-like behaviors (Fig. 4A and fig. $3). 
More specifcaly, the high addiction score of 
Hi rats derived from the development of compul- 
sive cocaine self-administraton, HI rats displayed 
greater resistance to pimishment of the drug-taking 
response than did LI, HR, and LR rats Fig. 44), 
and at the population level, correlational analysis 
revealed. that impulsivity predicts compulsivity 
(Big. 4B). However, HI mts did not differ from 


Fig. 4. impulsivity predicts the transition to 
‘compulsvty. (A) HI rats receiving punishment (27) 
continued compulsive cocaine sel-administration 
(GAD. HI rats (n = 5) displayed higher resistance to 
punishment than LI rats (n = 6) (F, 9 = 12.79, P< 
‘.01), whereas HR (n= 5) rats didnot differ from LR 
rats (n = 5). When compared with zero- and three- 
‘teria rats for their resistance to punishment (Group: 
Fase = 10.13, P-< 0.00, only HI rats were similar to 
three-citeria rats; they showed greater resistance to 
punishment than zero-citeria, Ll, and HR rats P< 
(0.05). Li and HR rat differed from three-citera, but 
at from zero-rteria, rats (A). “*P < 0.01. (B) Impul- 
shity predics compulsive coaine setf- administration 


Fe 


0 20 40 G0 80 
Impuisivity 
(Ceprorature 
retponees). 


Compulsive cocaine SA 


(= 0.42, P < 0.05). Gray and black shadings represent LI and HI rats, respectively. 


LL, HR, or LR rats in their total intake of oocaine 
(Gg. S3); therefore, the development of compulsive 
‘cocaine taking observed specifically in the highly 
impulsive rats cannot be attributed to difierential 
‘exposure to contine Because clinical investigations 
generally compare addicted subjects with drug- 
naive controls, we analyzed whether animals vul- 
erable and resistant to addiction differed in their 
{impulsivity and locomotor reactivity to novelty be- 
fore any exposure to cocaine. This analysis showed 
that three criteria rats were more impulsive, but not 
‘more reactive to novelty, than zero-crteria rats 
before cocaine self administration (fig. $4). 
‘These data allow us to identify one variety of 
impulsivity, measured as an inability to wait and 
sample predictive stimuli before responding (20), 
as a key behavioral marker specific for the vul- 
‘nerabilty to progress to compulsive cocaine use, the 
halimark of addiction. Our results are in accord 
‘with observations that (7) highly impulsive humans 
‘ae overrepresented in drug-addicted populations 
(2D, @ impulsivity or sensation seeking may pre- 
date compulsive drug use (22, 23), and Gi) there isa 
‘high comorbidity between drug addiction and dis- 
‘olers characteriza by impulsive behavior, such as. 
tention deicit-nyperacivty dsonder (ADHD) (22). 
‘The results indicate that the reation between 
high impulsivity and addiction-ike behavior is 
‘completely independent of the initial propensity 10 
‘acquire cocaine self administration (fig. S2)(27), an 
observation consistent with the demonstration that 
impulsivity i unrelated to the subjective effects of 
‘orat amphetamine administration (24). Instead, 
‘this early vuinerability to cocaine’s reinforcing ef- 
fects was predicted by high locomotor reactivity to 
novelty. Our observations futher suggest that the 
subjective and behavioral responses to cocaine 
‘during inital exposure tothe drug do not determine 
the subsequent progression t addiction, as might 
pethaps have been previously suspected (11) 
‘Our study also provides experimental evidence 
that high leves of impulsivity can antedate the onset 
of compulsive drug use and, thereby, emphasizes 
the importance of preexisting impulsivity observed 
in addias @, 4, 7) Moreover, by demonstrating the 
ink between impulsivity and compulsivity in the 
development of addiction, these data provide a 
‘major impens for investigating the neurobiological 
‘mechanisms underiying this transiton. One candi- 


date isthe apparent devolution of conto! over drug- 
secking behavior fom the ventral to the dorsal 
striatum (25), which has been shown to depend on 
the cascading, serial ascending circuitry that links 
these striatal domains via its regulatory dopamin 
cexgic immervation arising in the midbrain (26, 27) 
‘This hypothesss is further supported by the ob- 
servation that the early vulnerability 10 escalate 
cocaine intake shown by highly impulsive rats is 
predicted by low D2 and/or D3 dopamine receptor 
Jevels in the ventral, but not the dorsal, striatum 
(ZO), in contrast, chronic exposure to cocaine in 
‘monkeys (28) and dnig-abusers (29) is associated 
‘with low D2 and/or D3 dopamine receptor 
availability, predominantly in the dorsal striatum. 
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Patches with Links: 


A Unified 


System for Processing Faces in the 


Macaque Temporal 


Sebastian Moeller, Winrich A. Freiwald, Doris Y. 


Lobe 


Tsao* 


‘The brain processes objects through a series of regions along the ventral visual pathway, but the 
Circuitry subserving the analysis of specific complex forms remains unknown. One complex form 

category, faces, selectively activates six patches of cortex in the macaque ventral pathway. To identify 
‘the connectivity of these face patches, we used electrical microstimulation combined with simultaneous 


functional magnetic resonance imaging. Stimulation 


of each of four targeted face patches produced 


strong activation, specifically within a subset of the other face patches. Stimulation outside the 
face patches produced an activation pattern that spared the face patches. These results suggest that 
the face patches form a strongly and specifically interconnected hierarchical network. 


1 essential step to understand the neural 
‘mechanism underiying any percept is to 
identify its anatomical substrate, For 
example, many theoretical models of object recog 
nition propose a hierarchical architecture (1, 2), 
butitremains unclear if and how such hierarchical 
‘models are actually implemented by the brain. 

The face processing system of macaque 
monkeys provides an ideal preparation for 
dissecting the large-scale functional anatomy of 
object recognition. Almost all macaques have a 
set of face selective regions that can be easily 
‘identified by functional magnetic resonance 
imaging (IMRD (3, 4) and readily targeted for 
anatomical experiments (5). Understanding the 
connectivity of these regions should provide 
{insights into the large-scale circuitry used by the 
brain to perceive a complex form. 

Itisdebated whether face processing relies on 
a sequence of dedicated processing stages (6) or 
whether it relies on distributed representations 
(7). The former mode! predicts that face-selective 
regions show strong connections to each other 
but not to surrounding non-face selective tem- 
poral cortex, whereas the latter predicts strong 
connections between face-selective regions and 
surounding non-face selective temporal cortex (8) 

‘Tracer injections made into the macaque 
temporal lobe reveal a patchy connectivity pattem 
(9-14), For example, Saleem et al, found that 
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injections into TEO (a cytoarchitectonic area in 
posterior inferior temporal cortex) produce labeling 
in TE @ cytoarchitectonic area in anterior temporal 
cortex) in two to five discrete foci (10). However, 
the fimctional propertis of cells at injection and 
termination sites were not identified in these studies. 
In general o dissect functional anatomy, itis neces- 
‘say to combine connectivity maps with functional 
topography (15, 16). Specifically, the connections 
of the macaque face patches cannot be deduced 
from previous studies. To identify the anatomical 
‘connections ofthe macaque face patches, we used 
bined with simultaneous {MRI (17-19), 

Macaque monkeys typically have six dis- 
‘rete, bilateral patches of face selective cortex 
(Fig. | and fig. SI). These patches are organized 
as follows: one posterior patch on the lateral 
surface of area TEO (which we will refer to as, 
“PL,” for posterior lateral); two middle face 
patches in posterior area TE, one located in the 
fundus of the superior temporal sulcus (STS) 
(CME? for middle fundus) and one on the lower 
lp of the STS (ML,” for middle lateral); and 
‘three patches in anterior area TE, one located 
near the fundus of the STS (“AR” for anterior 
fundus), one on the lower lip of the STS and 
adjacent gyrus, in area TEad (“AL,” for anterior 
lateral), and one more medially on the ventral 
surface, just lateral and anterior to the anterior 
‘middie temporal sulcus (AMTS), in area TEav 
(CAM,” for anterior medial) (20). 

We identified the locations of face patches in 
four monkeys (MI through M4) by scanning them 
‘with a standard face localier stimulus (3). Individ- 
ual animals and hemispheres exhibited sight 


‘variations on the prototypical pate just described. 
Face patches in the left and right hemispheres of 
‘monkey MI on fattened maps of the posterior two- 
thinds ofthe brain excluding prefrontal cortex and in 
coronal sices are shown in Fig. 1, A and B; this 
animal had five discrete face regions in the right 
hemisphere (PL and ML were confluent). Time 
courses from the face patches confirm the face 
scletivty of each patch (Fig. 1C). The face patches 
of the three other animals (M2 through M4) used in 
this study are shown in fg. SI. 

‘We then targeted a subset of the face patches 
for microstimulation combined with simulta- 
neous {MRI. We first verified that the electrode 
comrectly targeted each face patch by recording 
spiking activity. We then transferred the animal 
to the scanner for microstimulation. We stirm- 
lated a total of four different face patches (ML, 
AL, AM, and AF); several inferotempora! sites 
neighboring the face patches; and a site in the 
upper bank of the STS (table S1). 

We first targeted ML in monkey M1. Mag- 
netic resonance images of the electrode descend- 
ing into ML, in sagittal and coronal planes, are 
shown in Fig. A. The response profile of the last 
cell reconded from this patch before micro- 
stimulation is shown in Fig. 2B; this cell was 
highly face selective (as were neighboring ones 
above it), The location of the electrode tip, 
‘marked on the flat map, confirms that stimulation 
was within ML (Fig. 2C). Comparing activation 
‘with and without microstimulation revealed five 
discrete regions in the temporal lobe (Fig. 2C), 
‘Stimulation resulted in a large spread around the 
electrode tip,a stretch of 4 mm with litle activity, 
and then three discrete anterior patches located 6 
to 11 mm anterior to the stimulation site, These 
patches coincided with the three anterior face 
patches of this monkey (compare Fig. 1 with 
Fig. 2C, and Fig, 1B with Fig. 2D). This acti- 
vation patie was reproducible across scan 
sessions and was not sensitive to the choice of 
significance threshold (fig. $2). Time courses 
from the six face patches confirm strong acti- 
vation during microstimulation epochs (Fig, 2E), 

The results of stimulating ML in two ad- 
tional animals (M2 and M3) are shown in fig. $3 
In monkey M2, stimulation in ML elicited 
activation in three other face patches: MF, PL, 
and AL. In monkey M3, stimulation in ML 
cited activation in two other face patches: PL 
and AL. Results from the three animals show that 
ML is strongly connected to PL and AL and 
‘more variably to the remaining face patches. 
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If MRI activity is driven principally by the 
energy demands of transmiter release during 
synaptic activity (22, 22), then these electrical 
stimulation-induced activations likely reflect 
orthodromic (rather than antidromic) spike prop- 
agation. Activations could result from direct or 
indirect connections (23). 

Microstimulation-induced activations were 
usually much stronger in the hemisphere ipsi- 
lateral to the stimulation site, but we sometimes 
observed activation in contralateral face patches 
as well. Contralateral activations induced by 
stimulation in the right hemisphere ML of 
monkeys MI and M2 are shown in fig. S4 
‘These contralateral activations were confined to 
the face patches PL, ML, and MF, 

ML was strongly connected to AL in all three 
animals, To follow the circuit, we next targeted 
AL (Fig. 3A), The last cell reconted before 
moving the animal to the scanner was face 
selective (Fig. 3B). In addition to spread around 


A 


eS 


1L, Face-selective patches in monkey M1. (A) 


the stimulation site, simulation in AL produced 
‘trong activation in ML, MF, and AF, and weak 
activation in AM (Fig. 3, C to E). In contrast to 
stimulation in ML, stimulation in AL produced 
no activation in PL. In a second animal (M4), 
‘stimulation of AL eticited activation in ML, MEF, 
and AM, but not AF or PL (fig. $5), Ths AL 
appears o be robustly comnected to ML, MF, and 
AM, and more variably to AF 

We next targeted AM, the most anterior ofthe 
‘six face patches. In monkey M1, stimulation in 
‘AM induced activity in ML, AL, and AF (fig. S6, 
A to E). In monkey M2, stimulation in AM 
induced activity in ML and AL (fig. S6, F to J; 
this animal lacked an AF in the stimulated 
hemisphere, see fig. SIA). Thus AM appears to 
be robustly connected to AL and ML. 

Finally, we stimulated the third of the anterior 
face patches, AF, in one animal (Ml, fig. $7). 
This experiment showed that AF is strongly 
connected to MF and, more weakly, to ML. 


aster 
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The flattened cortical 


In the experiments described so fi, the ani- 
‘mal fixated on a blank gray screen during micro- 
stimulation. To test for interactions between 
rmicrostimuation and visual stimulation (24, 25), 
‘we combined electrical and visual stimulation in a 
stirmulus sequence of six conditions: thoes, faces + 
rmicrostimation, objects, objects + micrstnmulation, 
‘blank, and blank + microstimulation. Two monkeys 
QM and M2) were tested with this stimulus se- 
quence, while we microstimlated in ML. This ex- 
Petiment revealed that () the strength of activation 
elicited in the fice patches by microstimlation in 
ML was comparable to that elicited by viewing 
faces, and (i) there was only a weak interaction 
between responses to microstimulation and those 
to visual stimulation (supporting online tex) 

If the circuitry of the inferior temporal cortex 
(ITC) follows a single scheme, then stimulating 
Just outside a face patch should yield an activa- 
tion pattem similar to that obtained by stimula 
ing inside a face patch. If, on the other hand, the 


PL 


C es, 


contrast overlaid on high-resolution coronal slices from monkey M1. The 


surfaces ("flatmaps”) from both hemispheres show regions significantly 
more activated by faces than by other objects. Computational flattening 
involves distorting the spatial arrangement of the data and under- 
estimates the size of the sulci (shown in dark gray). Anatomical labels: 
ips, intraparietal sulcus; sf, Sylvan fissure; sts, superior temporal sulcus; 
Is, lunate sulcus; ios, inferior occipital sulcus; and ots, occipitotemporal 
sulcus. All color scale bars show the significance of the contrast maps as 
negative common logarithm of the probability of error. (B) The same 


anterior-posterior position of each slice in mm relative to the interaural 
line is given in the top right corner; the left hemisphere is shown on the 
left. (C) Mean time courses extracted from the six face patches of the 
right hemisphere. Three different visual stimulation conditions were 
presented as follows (see letters on bars for PL): faces (green epochs: F, 
human faces; M, monkey faces), objects (orange epochs: H, hands; G, 
gadgets; V, vegetables and fruits; 8, human bodies), and scrambled 
versions of the same images (white epochs). 
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face patches constitute a unique system within 
TTC, then stimulating outside the face patches 
may yield a qualitatively different activation pat- 
tem. In particular, a distributed mechanism for 
coding nonface objects might predict that stim- 
ulation outside a face patch should lead to wide 
spread activity throughout ITC. 

We therefore stimulated three different sites 
Just outside the face patches. First, we stimulated 
site just posterior to ML, on the lower lip of the 
STS, in monkey MI (Fig. 4A). The last cell 
reconded from this site responded only to scram- 
bled pattems (Fig. 4B), Stimulation at this site 
produced a large spread of activity within the 
STS around the stimulation site (which spared 
both PL and ML), as well as a discrete patch of 
activity in the lower bank of the STS, anterior to 
ML and 7 man anterior to the stimulation site 
ig. 4, C to E). This result suggests that ITC 
outside the fice patches also exhibits discrete 
patchy connectivity, consistent with previous 
anatomical tracer studies (/0, 13, 26). The result 
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2. Brain regions activated by microstimulatior 
n of the electrode in relation to the face 


monkey M1. (A) The posit 


of microstimulating outside ML in monkey M2 is 
shown in fig. S8. In addition to a large spread 
round the stimulation site (which included PL, 
but largely spared ML), there was activity in a 
discrete region just posterior to AL, on the outer 
surface of the inferotemporal gyrus. Finally, the 
result of stimulating just posterior to AM in 
‘monkey M2 is shown in fig. $9. This produced 
spread around the stimulation site, as well as 
ity in a discrete posterior projection site with- 
in the ventral bank of the STS and a discrete an- 
terior projection site within the fundus of the STS. 

Face cells have been found in both the upper 
and lower banks of the STS (27). To compare 
connections of the upper with the lower banks of 
the STS, we stimulated a site in the upper bank of 
the STS in monkey MI at approximately the 
same AP position as ML (fig. S10, A to E) 
Stinmulstion at this site produced a different 
activation pattem fom stimulation in the lower 
bank; instead of discrete clusters of activation, we 
observed a large swath of activity extending from 


face patch ML of 
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versus no microstimulation overlaid on the flatmap. The face patches 
(compare Fig. 1) are indicated by the green outlines. The stimulation site 


REPORTS L 


—$ to +20 within the upper bank and fundus of 
the STS, as well as activation in cingulate and 
somatomotor cortex (ig. $10, F to J, second 
monkey). This experiment shows that the tech- 
nique of {MRI combined with microstinnlation is 
capable of detecting highly distibuted connec 

tivity pattems. Furthermore, the result suggests 
that microstimulation is capable of activating cells 
‘more than one synapse away (it seems unlikely 
that all of the activated areas in fig. SIO were 
rectly connected to the stimulation site). If rue, 
this strengthens our main finding conceming the 
specificity of connections between face patches, 
because it implies that cells two synapses or more 
away from the stimulation site were also located 
within the face patch system. 

We did not observe any other cortical regions 
consistently activated besides those described (28) 
However, we did consistently observe stimulation 
induced activation in three subcortical regions: 
the amygdala, claustrum, and pulvinar. Stimula 
tion in AM elicited activation in the lateral 
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patches (indicated by green outlines) in sagittal and coronal MRI slices; 
the tip of the electrode was located 3.5 mm anterior to the interaural 
line. (B) Selectivity profile ofthe last neuron recorded before stimulation. 


The bars show the mean response of this unit to images from eight 
different image categories (faces, fruits, gadgets, hands, bodies, monkey 
body parts, monkey bodies, and scrambles); error bars show 95% 
confidence intervals. (C) Areas significantly activated by microstimulation 


inside ML is marked by an “x.” (D) The same functional contrast overlaid 
‘on coronal slices. The face patches are indicated by green outlines. The 
“+” indicates the approximate stimulation site (the slice containing the 
actual stimulation site, at +3.5, is not included in this mosaic). (E) Mean 
time courses from the six face patches in the right hemisphere. 
icrostimulation blocks (gray epochs) were interleaved with fixation only 
blocks (white epochs). 
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mucieus of the amygdala and laterally adjacent 
claustrum in both monkeys tested (fig. SUL, A 
and B), Stimulation outside, but close to, AM 
also activated the lateral amygdala and claustrum 

fe, S9C, slice at +20.5), which suggests that 
these two structures receive inputs from a larger 
region within ventral ITC (29). 

We observed activation of the inferior pulvi- 
nar in response to microstimulation of both ML 
(Big. S11C)and AL (fig. SLID), as well as infero- 
temporal foci outside the face patches, Thus, the 
{inferior pulvinar appears to be strongly connected 
to a large portion of ITC (9). Because the pul- 
vinar, claustrum, and amygdala were the on! 
non-face selective brain structures consistently 
activated by stimulation of the face patches, we 
hypothesize that these structures may constinite 
three bottlenecks for communication between the 
face patches and other regions of the brain (30), 

In this study, we imaged brain regions ac 
tivated by microstimulation of four different 
‘macaque face patches (ML, AL, AM, and AF) 
‘The results suggest that the six macaque face 
patches form a tightly and specifically intercon- 
nected system (summarized in fig. S12 and table 
82). The existence of an interconnected circuit 
consisting of six nodes, likely dedicated to 
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3. Brain regions activated by microstimulation in face patch AL of monkey 
‘ML Same conventions as in Fig. 2. (A) Electrode position in AL. (B) Example of 
‘neuronal selectivity. (Q The contrast between microstimulation and no 
microstimulation revealed microstimulation-induced activity in four discrete 


coding the same Gestalt form, shows that 
functional specialization in the inferior temporal 
lobe exists not only at the level of isolated 
columns (31) of patches (3), but extends to the 
level of connected, distibuted networks. 


‘where modules processing the same visual 
attribute have been shown to be specifically 
‘connected (32), for example, color specific blobs 
in area V1 with color-specific 
V2 (3). The face patch network 


nections were apparent across three very different 
functional states: without visual stimulation, with 
visual stimulation by faces, and with visual 
‘stimulation by nonface objects (supporting online 
text). However, fimctional connectivity 
the face patch system and between the face 
patches and other brain areas may be modulated 
bby behavioral and perceptual state (24, 34). 

Of all the face patches, we know mast about 
the functional properties of the two middle ones, 
‘ML and MF. Single-unit recordings show that 
almost all visually responsive cells in this region 
are face selective (5), which implies thatthe step 
of face detection has been accomplished. Micro- 


patches in the pe temporal 


the only face patch not 


stimulation of ML activated three anterior face 
patches (Fig. 2C), which suggests the existence 
ofa sequence of dedicated face processing stages 
following face detection, Such an architecture 
‘would be consistent with computational mode's 
of object recognition in which a detection stage 
precedes individual recognition (35). However, 
‘our results suggest an important role for feedback 
in face-processing. Stimulation of AL led to 
feedback activation of ML (Fig. 3) with a 
strength and spatial precision comparable to the 
feed forward activation of AL by ML stimulation 
ig. 2) 

Is the circuitry of the face patches unique or a 
theme that is recapinulated in surrounding non— 
face selective cortex? The results of micro- 
stimulating outside the face patches (Fig. 4 and 
figs. S8 and $9) suggest that there do exist largely 
self-contained networks of modules, outside the 
face patches, for processing shape, Because 
nonface objects elicit highly distributed {MRI 
response pattems in ITC (7), these networks of 
nonface modules likely represent aspects of form 
present in almost all objects, such that any object 
‘would activate multiple networks. But given their 
Size, there may exist only a finite set of macro- 
scopic shape processing networks. 
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lobe coinciding with AL (the stimulation site), AF, ML, 


and MF, as well as fifth patch of faint activation coinciding with AM. PL was 


activated. (D) The same contrast overiaid on coronal 


slices. (E) Time courses from the six face patches ofthe right hemisphere. 
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induced activity around the stimulation 
‘ste, as wellas ina distinct patch anterior to 
‘ML. (D) The same contrast overlaid on cor- 
coal slices. Note how the activation spared 
‘most of PL and the other face patches. (E) 
Time courses from the patch just anterior 
‘0 ML and from ML. 
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CREDIT IMAGE ALY PROVIDED By FRANK BUCIMLOL? 


Hotter Than Hot: 
Combining RNAi and Stem Cells 


Ten years ago, RNA interference was an interesting but arcane phenomenon 
that excited a small group of researchers working on Caenorhabditis elegans. At 
the same time, embryonic stem cells were a useful but cumbersome system for 
engineering targeted gene deletions in mice. Neither tool seemed to have much 
use beyond its narrowly defined specialty. What a difference a decade makes. 
By Alan Dove 


voday, RNA interference, or RNAi, is simultaneously one of the hottest tech- 

niques in molecular biology and a bold new frontier in the study of 

gene regulation. Stem cells, meanwhile, are the subjects of loud 

protests, presidential campaign discussions, and multibillion- 
dollar funding initiatives. 

Besides their simultaneous climbs to fame, RNAi and stem cells 
have something else in common: researchers are increasingly 
combining the two. Indeed, RNAi has quickly become an important 
tool for probing the nature of stem cells, as well as engineering 
“knockdowns” of animal genes. Stem cells modified with RNAi 
techniques may also enable the slowly developing field of tissue 
engineering to break into the clinic, 

Equipment and reagent manufacturers have been quick to cater 
to scientists using both stem cells and RNAi, offering everything from 
nucleic acids with special modifications for RNAi work to complete kits for 
popular types of stem cell studies. Both technologies are still in their infancy, 
though, and both present numerous pitfalls for researchers who combine them. 


Searching for Self-renewal 

When molecular biologists refer to RNAi, they often mean using synthetic small 
interfering RNA (SIRNA) molecules to silence specific genes in a cell. As cultured 
cells take up the siRNA, the molecule binds complementary messenger RNA, 
targeting it for destruction by a highly conserved—and very efficient—pathway. 
In a mouse embryonic stem cell line, this enables investigators to generate 
targeted disruptions of nearly any gene product much faster than with traditional 
recombinant DNA techniques. 

“The biggest advantage of using RNAi, not only in embryonic stem cells but also 
inother cells, is the speed at which you can deplete the protein product,” says Frank 
Buchholz, a group leader at the Max Planck Institute of Molecular Cell Biology and 
Genetics in Dresden, Germany. 

The catch is that siRNA-based gene silencing is often not as precise or thorough 
asa traditional gene deletion. Rather than targeting a particular genetic locus, an 
SIRNA floats freely in the cell, often binding not only its primary target, but other 
messenger RNAS as well. These off-target effects often produce spurious results. 

In addition, an siRNA is unlikely to shut down its primary target completely. “With 
RNAi technology, it’s always a knockdown, it’s probably never really a 100 percent 
knockout, so there may be differences in phenotypes that one may observe, 
says Buchholz. That drawback can be an advantage for some studies. Many gene 
products exhibit dose-dependent effects, and Buchholz says the conned » 
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“although miRNAs have 
been known for many 
years, tools to manipulate 
miRNAs in cells have been 
around only for the last 
couple of years.” 


ability to generate different degrees of knockdowns with siRNA 
has helped researchers study that phenomenon. Those hoping to 
use siRNA as a shortcut to making a complete knockout animal, 
however, need to interpret their results cautiously. 

Nonetheless, Buchholz and his colleagues have already used 
SiRNA for an initial survey of the genes involved in maintaining 
“stemness,” or stem cells’ ability to self-renew and form all tissue 
types. “RNAiof course offers an ideal technique to find the molecules 
orto find the genes that are involved in this differentiation process,” 
says Buchholz. 

Taking advantage of the speed of siRNA compared to traditional 
gene knockouts, the researchers knocked down each mouse 
gene in the genome. They then monitored the cells’ subsequent 
expression of Oct-4, a markerfor the stem cell state. The result was 
alist of candidate genes involved in maintaining self-renewal. 

Despite combining two relatively new technologies, the 
experiment was surprisingly straightforward. “OF course working 
with stem cells requires certain skills, because you always have to 
treat them nicely.” says Buchholz. But he adds that “we actually 
were able to very rapidly establish a transfection protocol, which 
established very good knockdown levels in mouse embryonic stem 
cells by lipofectio 

Indeed, stem cells seem particularly suited for siRNA-based 
studies. “Stem cells are fairly amenable to lipid-mediated delivery. 
As the cell becomes more differentiated, it becomes harder to 
transfect,” says Devin Leake, director of research and development 
for the life science research group at Thermo Fisher Scientific in 
Milford, Massachusetts. 


It's the Network 

Things get trickier when researchers try to probe the cells’ own 
RNAisystem, in which endogenous microRNA, or miRNA, molecules 
silence specific gene targets. In recent years, the miRNA system has 
emergedasa fundamental andevolutionarilyconservedcomponent 
of gene regulation, at least as important as transcriptional 
silencing. Each endogenous miRNA can regulate multiple genes. 
The silencing pattern often targets multiple components ofa single 
metabolic pathway, raising hopes that miRNAs will both illuminate 
new biology and point the way to promising new drugs. 

In stem cells, miRNA-mediated gene regulation is clearly 
one of the major mechanisms controlling differentiation, but 
scientists have only recently gained access to the tools to probe 
this system. “Although miRNAs have been known for many years, 
tools to manipulate miRNAs in cells have been around only for 
the last couple of years,” says Eric Lader, director of research and 
development at Qiagen in Germantown, Maryland. 
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The first step of a typical miRNA experiment—exposing cells to 
a particular set of conditions and then isolating their expressed 
miRNAs—is usually the easiest. Because miRNASare just short RNA 
molecules, researchers can simply modify traditional RNA isolation 
methods or, for even greater convenience, buy an appropriate kit. 
“Qiagen has adapted our RNA isolation techniques to quantitatively 
recover small RNAs in the total RNA prep, and to also allow further 
enrichment,” says Lader. Qiagen is just one of many kit makers that 
offer reagents for miRNA isolation. 

Characterizing and quantifying the isolated miRNAs can be 
more challenging, but several companies offer validated assays 
for all known miRNAs in popular model systems. Thermo Fisher, 
for example, offers a microarray for profiling all of the miRNAS 
in human cells, which could be particularly useful for stem cell 
researchers. “With this microarray, you can detect the endogenous 
levels of miRNAs in an undifferentiated cell or a differentiated cell, 
and look at the differences between those two,” says Leake, Not 
to be outdone, Qiagen targets the same market with a completely 
different technique: a quantitative miRNA RT-PCR kit. 

After identifying some miRNAs that might regulate a particular 
process, such as stem cell differentiation, researchers typically 
try to perturb those miRNAs to confirm their functions, Often, that 
brings them back to siRNAs, which can be custom-built to either 
it or mimic specific miRNAs. Unfortunately, the process is not 
as simple as noting the miRNA sequence and targeting it with a 
complementary siRNA. Leake explains that to mimic or inhibit an 
endogenous miRNA, the artificial siRNA must be highly specific, 
capable of directing its target to the cell's RNA degradation 
machinery, and able to survive in the cell without being broken 
down itself. 

The final challenge is that, evenifinvestigators generatea perfect 
mimic or tor for a given miRNA, the results can be difficult to 
interpret. “The difficulty is figuring out what's going on, because 
a single microRNA can affect the expression of any number of 
genes, and sometimes it exerts that effect coordinately with other 
microRNAs.” says Lader. 


Target Practice 
Because of the miRNA system's enormous complexity, researchers 
inevitably turn to computers for help dissecting these tangled 
regulatory networks. In theory, one should be able to predict any 
miRNA’s targets given nothing but the miRNA’s sequence and the 
genome sequence of the organism. In practice, bioinformatics 
researchers are still struggling with the problem. 

“Target prediction is one of the most unresolved issues in the 
field of miRNAs,” says Soren Moller, chief scientific officer at 
Exigon in Vedbaek, Denmark. While Exigon focuses on improving 
the chemical specificity of synthetic siRNAs, Moller has also 
followed the problem of miRNA target prediction closely. “You can 
analyze miRNAs ina lot of different ways, but the next step, moving 
from miRNA differential expression to what signaling pathways 
are affected, is a key focus of many of our customers’ research,” 
he says. 

The good news about miRNA target prediction is that there are 
numerous computeralgorithms availableto tackle the problem, and 
because most of them have been developed by basic 
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researchers in academic labs, they are generally free, with pub- 
lished source code. The bad news is that the different algorithms 
often disagree with each other. “We advise [researchers] to use as 
many different target prediction algorithms as are out there, and 
look at the output and correlate that to the biology that they are 
familiar with,” says Moller. In stem cell research, where both the 
basic biology and the functions of individual miRNAS are 
unclear, researchers should be especially skeptical of the 
computer's predictions. 

Weaknesses in the software stem mainly from gaps in 
scientists’ current understanding of the miRNAs themselves. 
Some algorithms, for example, require perfect complementarity 
between specific miRNA bases and a potential target messenger 
RNA, while others allow more room for noncanonical targets. The 
former strategy can miss targets that are biologically important, 
while the latter can yield spurious leads. As molecular biologists 
develop a clearer understanding of the underlying rules of miRNA 
targeting, bioinformaticians will be able to find a better balance in 
the algorithms. 

A simpler version of the target prediction problem comes up 
when investigators design artificial siRNAs, and most companies 
offering siRNA-production services now provide free access to their 
proprietary siRNA prediction algorithms online. Typically, these 
programs take several sequence parameters of a target messenger 
RNA and build an siRNA or a set of siRNAs that should bind it. 

While relatively basic siRNA algorithms are adequate for many 
uses, they still have room to improve. For example, using a 
mathematical technique called support vector machines (SVMs), 
software developers in Applied Biosystems’ Ambion division in 
Austin, Texas, recently released a new application, which they 
claim produces siRNAs with substantially better efficacy. “I think 
‘one of the important differences is that we do take into account 
the local folding structure of the target messenger RNA, as well 
as looking at the sequence parameters of siRNAs themselves,” 
says Kathy Latham director of the Ambion RNAi product line. The 
algorithm itselfis proprietary, but researchers can access it for free 
through the company’s website. 
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Better Binding through Chemistry 
Ambion’s new SVM-based algorithm is aimed at addressing an 
underappre-ciatedprobleminsiRNAresearch:inconsistentsilencing. 
Whilethefieldhasfocusedextensivelyonreducingoft-targeteffects, 
siRNAs can also confuse experimenters by failing to silence their 
primary targets. 

“A really good siRNA might give you 90-95 percent silencing, 
but an okay siRNA might only give you 80 percent silencing,” says 
Latham. That difference may be irrelevant for some experiments, but 
indifferentiating stem cells, many regulatory gene products worklike 
switches, moving the developmental process forward at a particular 
threshold of gene expression. For these genes, a partially active 
siRNA may be the same aso siRNAatall. “Differencesin phenotypes 
are often attributed to off-target effects; however, differences in 
phenotypes can also be due to inconsistent silencing, which is why 
‘we combined chemical modifications to improve specificity with the 
new algorithmic approaches,” says Ambion’s Latham. 

The specific siRNA chemical modification Ambion is using is 
the Locked Nucleic Acid design, which the company licensed 
recently from Exigon. While Ambion now markets Locked Nucleic. 
Acid-based siRNAs, Exigon still develops and sells a variety 
of other products that use the same chemistry. “Based on our 
technology, we have developed a set of detection techniques for 
analysis of miRNAs in cells, but also some functional products 
that can down-regulate or knock down specific miRNAs in cells,” 
says Exigon’s Maller. 

For miRNA detection, Exigon offers different kits based on 
quantitative PCR, microarrays, and Northern blots, and some of 
these may offer distinct advantages for stem cell researchers. 
Investigators looking at later stages of development may find 
Locked Nucleic Acids particularly attractive as probes for miRNA 
expression in tissues. Regular DNA or RNA oligonucleotides cannot 
detect miRNAs byin situ hybridization, but the more specificLocked 
Nucleic Acid oligonucleotides can. “A tissue is not a homogeneous 
set of cells. It’s very diverse, and we've seen when we look in sit. 
that different cell types express different miRNAs,” says Maller. 

Exigonand Ambion arenottheonly companies offering chemically 
modified siRNAs, and investigators should shop around for the 
specific characteristics they need. Those hoping for easy delivery 
of SIRNAS to target cells may find Thermo Fisher's new Accell 
siRNAs particularly useful. “Accell siRNAs are chemically modified 
to promote cellular uptake, without any kind of formulation, any 
kind of instrumentation,” says Leake. Rather than encapsulating 
SiRNAs in lipid-based delivery compounds, researchers simply add 
their custom-built siRNAs to a proprietary cell culture medium, 
then bathe the cells init. 

Regardless of the specific techniques they use, scientists 
combining ster cells with RNAi have good reason to be hopeful. 
Looking ahead to the next few years, Buchholz sees both 
techniques yielding major breakthroughs. “In the lab, Ithink we will 
learna lot more about stem cells and the pathways that are driving 
Idevelopment].” he says, adding that “thisis.a prerequisite to really 
move the knowledge that we gain there closer to the 
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RNAi Cell Cycle Screening 
The Acumen eX3 offers higher throughput for RNA interference (RNAI) 
cell cycle screening compared with traditional flow cytometry methods. 
Itcan read an entire 384-well plate in less than 10 minutes, including 
multiplexingthe assay with other biomarkers. Acumen eX3 can analyze 
adherent cells in situ, unlike flow cytometry, which requires cell 
suspensions. This preserves morphological changes that may occur 
during drug treatment and gives important toxicity information. 
TIP Labtech 
For information 617-494-9794 
wovew.ttplabtech.com 


Gene Silencing 

Thermo Scientific Dharmacon Accell siRNA is a novel form of short- 
interfering RNA (siRNA) that is absorbed directly by cells without the 
use of conventional delivery methods such as transfection reagents, 
viruses, or electroporation. It effectively silences genes in all cell 
types tested to date. Previous technologies for delivering siRNA into 
difficult cell types, such as primary cells, suspension cells, stem cells, 
and neurons, were often ineffective and resulted in high levels of cell 
death. Dharmacon Accell siRNA has been able to penetrate every cell 
type tested, without the need for delivery reagents that can skew 
experimental results. The sIRNA is simply mixed with the optimized 
‘Accell delivery medium then added to cultured cells. The easy, two- 
step process avoids the experimental variability caused by toxicity 
and off target effects of conventional siRNA delivery methods. 
Thermo Fisher 

For information 781-622-1000 

www.thermo.com/dharmacon 


Automated Stem Cell Culture 

Velocity11 has released a data sheet that describes a high 
throughput, automated stem cell culture and screening system 
using its Filtered Plus Biocel platform. The automated platform was 
developed to use stem cells as the basis of high throughput assays 
and drug discovery programs to increase throughput and find more 
promising lead compounds. The system maintains a temperature of 
37°C inside the Biocel, with air filtered to a class 100 specification, 
creating an optimized environment for plate-based cell maintenance 
and cell-based assays. With a novel method for controlling air 
velocity and ultralow penetration air filters, the system achieves 
increased turnover in filtered ait, reducing the number of foreign 
particles and cell contamination. The automated procedure involves 
seeding plates from a bulk culture, adding compounds to cell 
plates, and transferring supernatant or cell lysate to an assay plate. 
Velocityit 

For information +44-1763-269110, 

wwwvelocityl com 
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‘Applied Biosystems 
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Synthetic miRNA Mimics and Inhibitors 

New synthetic microRNAs (miRNAs) from Qiagen, including the 
miScript miRNA Mimics and the miScript miRNA Inhibitors, are ready- 
to-transfectto carry out gene regulation and cellular pathway analysis 
for applications from in vitro to animal models. These molecules are 
based on all known human, mouse, and rat miRNAs in the latest 
version of miRBase, the Sanger Institute's database for miRNA. 
These -s and inhibitors are available in flexible formats, 
from single tubes to 96-well or 384-well plates. They are available 
in scales of 1 nmol and 5 nmol for in vitro use and 20 nmol for 
animal studies. 


formation +49-2103-29-16115 
wwew.giagen.com/miRNA 


RNAi Vectors 

‘Two new vectors are available from Invitrogen for RNA interference 
(RNAi) research. The Block iT HiPerform Lentiviral Polll miR RNAI 
Expression System with Emerald Green Fluorescent Protein offers the 
ability to deliver to nondividing, primary, and hard-to-transfect cells 
with lentiviral technology coupled tomultisite technology forpromoter 
flexibility, making it suitable for difficult applications, including in 
vivo RNAi. It contains a messenger RNA stabilizing sequence and a 
nuclear import sequence that generate up to five-fold higher virus 
titers and fluorescent protein expression than previous versions. The 
Block:iT Inducible Polll miR RNAi Expression System makes use of 
a tetracycline-inducible promoter that allows researchers to knock 
down even genes that are essential to the function of a cell. 
Invitrogen 

For information 800-955-6288 

‘woww.invitrogen.com /rnai 


Media Preparation System 

The Mediajet vario is a versatile petri dish filler that can be used to fill 
35 mm, 55/60 mm, and 90/100 mm dishes. With a compact footprint 
‘ofonly 70 cm by70.cm, itfits conveniently onthe laboratory bench and 
‘an fill 900 petri dishes per hour. It features walk-away automation 
with novel feed-in and stack-out technology. When working with 35- 
mm petri dishes, it can perform automated production of thousands 
of agar plates on which to cultivate the nematode C. elegans. This 
nematode is a popular geneticists’ tool because the simplicity, 
transparency, and speed ofits biological functions facilitate studying 
genes and their functions. 

Integra Biosciences 

For information +41-81-286-9530 

vwoww.integra-biosciences.com 
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